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Abstract 
Novel Sequential Batch Electro-Fenton System for Total Kjeldahl Nitrogen Removal: Solution 
for Highly Polluted Industrial Wastewater 
  
Arash Fellah Jahromi 
 A novel electro-Fenton sequential batch reactor (EF-SBR) was developed in this study which 
permits to overcome main drawbacks of Fenton process, sludge production.  The primary objective 
of this research is providing a solution for treatment of industrial wastewater containing 
specifically high amount of Total Kjeldahl Nitrogen (TKN). For sustainable reason, a more 
detailed objective of this study is simultaneous removal of ammonia, total nitrogen, and organic 
nitrogen. Thereby, investigations in four phases were conducted to achieve the objectives. The 
predominant mechanism of this study is electro Fenton oxidation. In Phase 1, fundamental 
operating parameters were investigated to achieve optimal design for small scale batch system.  
Throughout phase 2, the medium scale electrokinetic reactor was developed in which the optimal 
technological parameters were adjusted to scale up process.   A multi compartment large scale EK 
reactor was designed and tested in Phase 3 to optimize the energy consumption. The results of 
Phase 3 showed above 99% and 99.6% of ammonia and TKN removal by using potent oxidizing 
agent in an appropriate time interval which leads to an economical retention time. Throughout 
Phase 4, the EF-SBR (Electro-Fenton Sequential Batch Reactor) was designed to address a 
industrial situation.  The highlights of Phase 4 were reducing retention time of the EF-SBR while 
obtaining above 99% removal efficiencies for ammonia, TKN, total nitrogen, and organic nitrogen. 
Conducted research demonstrated the feasibility of proposed method, as well as fractal analysis to 
find the pathway to construe the transient variations in the target concentrations while analyzing 
the samples in an adequate number of points over an extended exposure period. The proposed 
design is sustainable since limits supplying additional chemicals and optimizes energy use. The 
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Chapter 1 Introduction and research objectives 
 
1-1. Problem statement 
Many municipalities (including the City of Montreal) have been paid more attention to presence 
of organic nitrogen (ON) in their savage systems. It presence my affect the quality of effluent at 
their wastewater treatment plants [1-1],[ 1-2].Therefore, there is tendency to implement a better 
treatment of industrial .influents at the source.  Unfortunately, traditional approaches and technical 
solutions in the field of water treatment are often futile for the treatment and discharge of 
wastewater containing hardly degradable ON, which is measure by Total Kjeldahl Nitrogen (TKN) 
[1-3], [1-4]. The raw wastewater in such cases can contain thousands mg of TKN per liter. 
 On other hand, if nitrogen is not treated adequately at WWTP, its presence in effluent causes 
eutrophication of waters leading to toxic algae growth, decreasing the dissolved oxygen 
concentrations, provoking aquatic biota depletion and/or changing in population of affected 
organisms. When ammonia undergoes oxidation in water, it produces by-products which might 
generate a serious restriction of oxygen transport in infant bloodstream, Blue Baby Syndrome. In 
case of organic nitrogen discharge (e.g. amines, amides), a pollution of water resources is evident 
and dangerous.  Unfortunately, the removal of organic nitrogen is minimal in wastewater treatment 
facilities, while a conventional treatment of ammonia creates other problems related to generation 
of H2S emissions and subsequently the acid rain.  
One of the most effective and widespread method of wastewater treatment is biological processes. 
For this specific industrial wastewater, however, this process cannot be used due to the 




 There are a number of Advanced Oxidation Processes (AOPs) such as: Ozonation, Photolysis, 
Fenton Oxidation, Photo-Fenton Oxidation and Electrochemical Advanced Oxidation Processes 
(EAOPs); however, they have never demonstrated successful treatment of such harsh wastewater. 
The first disadvantage that limits the use of ozonation in this study is the fact that the compounds 
like amides are resistant to ozone [1-5]. An additional disadvantage is the side effects of the by-
products from ozone treatment, which may be more harmful than the parent compounds [1-6]. 
Moreover, the mass transfer of the ozone molecule from the gas to liquid phase is a limiting step, 
which reduces removal efficiency and increases the cost of treatment [1-7]. 
  There are two types of photolysis processes: direct and indirect. In a direct process, organic 
compounds absorb UV light and undergo self-decomposition [1-8]. Since photolysis can be applied 
to low COD loads and photosensitive compounds [1-9], it cannot be used to the wastewater of 
concern since its chemical oxygen demand (COD) is close to 50 grams per liter.  Fenton Oxidation 
requires the presence of Fe2+ and H2O2, where ferrous ions act as a catalyst while hydrogen 
peroxide produces hydroxyl radicals to degrade organic compounds. Moreover, H2O2 can act as 
an OH scavenger as well as an initiator [1-10]. The disadvantages include an expensive treatment of 
sludge and a limited pH range (pH 2-3), as well as the fact that not all organics are susceptible to 
this type of oxidation [1-11]. However, the costs might be reduced if the addition of chemicals (e.g. 
iron) can be avoided.  
  Photo-Fenton Oxidation, a combination of Fe2+/H2O2/UV, might decrease the costs, when solar 
radiation instead of UV is used [1-12]. However, such process needs a reactor with a chamber that 
limits the design parameter selection (e.g. detention time and dimensions of the reactor); 
furthermore, it requires a continuous source of light, which would not be always available. 
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Likewise, the installation of UV source causes a significant increase of costs. Thus, Photo-Fenton 
Oxidation has not been applied in this study. 
 Electro-Fenton Oxidation is one of the electrochemical advanced oxidation processes that has a 
possibility of a high mineralization of persistent organics. EAOPs consist of two processes: anodic 
oxidation and electro-Fenton oxidation. In anodic oxidation, mineralization occurs due to a 
reaction with the hydroxyl radical formed on the electrode surface, through the reduction reaction 
of water. While in the electro-Fenton process, the organic compounds are degraded by interaction 
of both Fenton reagent and anodic oxidation simultaneously [1-13]. However, there are a few 
applications of EAOPs in real wastewater treatment and most of the applications are implemented 
on synthetic wastewater.  
 Zhukovskaya [1-13] conducted a research on introducing electro-Fenton treatment on the same type 
of the wastewater, when a significant removal efficiency of target pollutants (ammonia, TKN, total 
nitrogen, and organic nitrogen) are achieved in small scale (300 mL). The best removal efficiency 
of TKN, ammonia, and organic nitrogen are reached with the magnitude of 92.4 %, 95.2 % and 
81.4 %, respectively. Also, it was proved that enhanced electro-Fenton process with pretreatment 
from the ammonia can remove TKN and organic nitrogen by 95.8% and 97.2%, respectively in a 
shorter residence time of 24 hours [1-13]. Applying a pretreatment such as ammonia stripping is not 
feasible in many municipalities including Montreal, due to building height restrictions and air 
quality limitations. Also, the achieved removal efficiencies of pollutants without pretreatment 
might not meet the municipal requirements and necessitates to propose a new design to enhance 




1-2. Research objectives 
 
The main objective of this research is finding a solution to treat industrial wastewater highly 
polluted with Total Kjeldahl Nitrogen. The study focuses on a industrial wastewater containing 
TKN, ammonia, COD, and iron, in the range of 14000 mg/L, 11000 mg/L, 50000 mg/L, and 2760 
mg/L, respectively. Therefore, the objective targets the removal of TKN by 96%. 
Further objective of the research is to achieve a scale up process, where determination of operating 







Chapter 2 Literature review 
 
Chapter 2-1 makes an overview of photo-processing and wastewater decompositions. The 
hydrolysis of Chemical properties of amides and amines are described in Section 2-2. Section 2-3 
includes applicable processes to highly polluted industrial wastewater. In the last section of Section 
2-4, a cost comparison between the Fenton process, ozonation and one of the EAOPs is provided. 
2-1. Overview of photo-processing and wastewater compositions 
2-1-1. Process description 
Photo-processing can be defined as the development or printing of paper prints, negatives, 
enlargements, movie film and so forth. The defined process includes 5 main steps which are 
considered as exposure, development, fixing, bleaching, and stabilizing.   
A photographic film can be very simple in structure—a coating of a gelatin—silver halide 
emulsion on a transparent base (e.g. positive film, used for printing the black-and-white motion 
pictures). The exposure step is determined as covering positive film which is used for the black 
and white printing with a coating of a gelatin-silver halide emulsion. Those negative films which 
are used for pictorial photography are generally more complex in their structure. In many films, 
two or more coatings of the emulsion are used to derive the sensitometric characteristics that yield 
a good pictorial tone rendition. On top of this, there is generally an over-coating or surface layer 
which controls many of the film physical characteristics [2-1]. After that, the coated film structure 
is exposed to the light where formation of “latent image” forms. The obtained image is invisible 
due to the minimal quality of the silver and draw the necessity of development step to attention. 
During the development step, silver halide grains are chemically transformed to the metallic silver.    
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Due to the fact that small portion of emulsion still contains silver halide which introduces the 
essence of the third stage, fixing. Fixers commonly consist of thiosulfates S2O3
2-  compounds 
(regularly ammonium thiosulfate) which dissolve remained silver halide from the emulsion and 
forming stable soluble complex Ag (S2O3)2
3- [2-2]. Fixers are also capable to dissolve sensitized 
salts on the films and provide the appropriate condition for the development of photographic 
images [2-3]. The next stage, bleaching, is the recovery of silver halide from metallic silver to make 
the photographic process sustainable. The bleaching is selected to oxidize the silver metal, 
converting it back to silver halide without destroying gelatin or dye. Two of the most applicable 
bleaching agents in photographic industry are considered a iron EDTA(amide) and iron PDTA 
(amine).  
Residual chemicals and undesired by-products are essential to be removed to prevent the unwanted 
reaction between them which finally lead to decline the final product life time. Afterwards, the 
final step which is stabilizing, comes into consideration. The purpose of stabilizing is protecting 
the image from aging and light fading by treating the emulsion by stabilizer [2-2]. 
2-1-2. Compositions of photographic wastewater 
The photographic wastewater mainly comprised fixer and bleach solutions which contain high 
concentration of dissolved silver and other chemicals such as sulphates, nitrates, and silver in all 
forms. Due to being classified as toxic heavy metal contained wastewater, the environmental 
protection regulations of hazardous wastes would be applied to forbid discharging to public sewers 
[2-3]. 
Bensalah et al.[2-4] consider three sources of wastewater from the film industry which are film and 
paper wash water, solution make-up water, area, and equipment wash water. The described 
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wastewater contains heavy metals (silver), toxic organics such as hydroquinone, metol, phenidone, 
and high concentration of nitrogen-containing organics. 
Lunar et al.[2-5] also describes the possible introduced compounds to wastewater during the 
development step. Based on the conducted research by Lunar et al. (2000), the main compounds 
available in photographic wastewater are the developing agent (p-aminophenols and/or 
hydroquinone, and p-phenylenediamines for the black and white and colour development, 
respectively), an alkaline buffer (applicable for reduction reactions of the exposed film by silver 
halide), anti-fog agents (commonly halide ions), and an antioxidant (i.e. sulfite). Multitudinous 
substances are also expected to be present which are originated from chemical reactions of the 
developing agent with silver halide, oxygen, and other present compounds in the solution.  
EPA regulations for photographic wastewater [2-6] are effective for dischargers processes more than 
150 m2 of materials per day. EPA limits the target discharging of the effluents specifically for 










Table 2- 1 Effluent limitations of photographic wastewater designated by United States Environmental 




Maximum for any 1 
day 
Average of daily values for 30 consecutive days shall 
not exceed 
 Metric units (kilograms per 1,000 m
2 of product) 
Ag 0.14 0.07 
CN 0.18 0.09 
pH 6.0 to 9.0 6.0 to 9.0 
 
Wang and Tselung[2-2] give the characteristics of effluents for three distinctive photographic 
processes which are considered as plumblingless color, conventional color and black and white 











Table 2- 2 Characteristics of effluents resulted from three photographic processes of plumblingless color, 
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It is crucial to clarify that high nitrogen contained wastewater is carried out by high concentration 
of amines and amides originated from developers. Therefore, studying the chemical and 
electrochemical properties of amides and amines is taken into consideration. 
2-2. Chemical properties of amides and amines 
2-2-1. Amides molecular structure, synthesis, and hydrolysis 
Amides are derivative of carboxylic acids and it is also possible to be prepared from amines, 
anhydrides, esters, and nitriles. Classifying amides based on the degree of carbon formed mono 
bond with nitrogen, provides 3 groups: primary, secondary, and tertiary which are illustrated in 
Figure 2-1. “X” are commonly representative of hydrogen atoms. The other classification is 
presented based on the nature of substituent and overall structure, and categorized amides to three 





Figure 2- 1 Groups of amides based on the number of C-N mono bond 
 
Zabicky [2-7] research determines that the analyses of a variety of amides in crystalline form and 
gas phase gives the C = O distance in the range between 1.19 Å to 1.21 Å and concomitant opening 
of the C  ̶  N  distance to 1.36 -1.37 Å. The angel between <RCN is also 113 – 117 ̊ , and the other 
two are about 120-125 ̊ each. A plot of the C = O vs. C  ̶  N distances which is resulted based on 
analysis of several amides in both the gas and crystalline phases suggests a reciprocal dependence 
which is illustrated in Figure 2-2. The shortest C = O distances having the longest C  ̶  N. 
Due to the existence of rotational barrier around the C  ̶  N bond [2-8] , amides are considered as 
stable compounds. Therefore, degradation of amides is expected to require high activation energy 
barrier to overcome C  ̶  N and C = O bonds.  
The possibility of amide synthesis meanwhile photographic processes, and presence of resulted 
amides in wastewater are emerged by two major methods which are considered a: 1) the direct 
acylatation of amines by equimolar amount of alcohols in the presence of silver [2-9] and 2) the 
oxidative amidation of aldehyde with amines which is generally catalyzed by metals such as Cu, 




Figure 2- 2 C = O versus C  ̶  N distances in (1) formamide (crystal), (2) suberamide, (3) aureomycin, (4) 
trans-oxamide, (5) benzamide, (6) diketopipcrazinc, (7) succinamide (8) N,N,N’,N’-tetramethyl-α, α’-





Figure 2- 3 Amide synthesis methods; a) acylation of amine by alcohols in the presence of silver; b) 
amidation of aldehyde with amines catalyzed by iron [2-11],[1-13] 
Basic hydrolysis is difficult in comparison with the acid-catalyzed reaction due to the nature of 
amide ion which is poor leaving group. Stabilization of the carbonyl group by the e-donationg 





Hunt and Spinney [2-12], and Carey and Giuliano [2-13] researches provide the mechanism of acid-
catalyzed hydrolysis of amides in 6 steps which is presented in Figure 2-4.  
The first step is the acid/base reaction. The purpose is to activate amide by protonation of the 
amidecarbonyl to make amide more electrophilic. The weakness in electrophilicity and 
nucleophilicity of the neutral amide necessitate the first step reactions. The second step is devoted 
to reaction of water oxygen function with electrophilic carbon in C = O band which creates 
tetrahedral intermediate. The third step is an acid/base reaction to deprotonate the oxygen which 
comes from the water molecule to neutralize the charge. 
The fourth step is again an acid/base reaction which is required for -NH2 removal. However, the 
preliminary step is providing a condition for facilitation of leaving group by protonation. Step 5 is 
using the electrons of an adjacent oxygen to help untying the leaving group, a neutral ammonia 
molecule. The final step is acid/base reaction in which the deprotonation of the oxonium ion 
reveals the carbonyl in the carboxylic acid product and regenerate the acid catalyst. 
2-2-2.  Amine molecular structure and synthesis 
Based on Lawrence [2-14] definition, “the amines can be defined as group of chemical compounds 
that have the common feature of possessing nitrogen atoms that are sp3 hybridized with three single 
bonds to other elements.” Based on IUPAC system, Amines are named from the related parent 
alcohol (i.e. C2H5 is called ethylamine). Carbon chain substitutes are identified by number and N- 
is used for substituents on the nitrogen atom. The simplest amine is also ammonia, NH3. As well 
as amides, a classification is proposed based on the replacement of hydrogen with alkyl or aryl 
(AR). The primary, secondary, and tertiary amine follow the same protocol for naming. However, 
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the quaternary amine is formed by adding a molecule of amine (e.g. amine hydrobromide to tertiary 
amine with a bromide counter ion. The different types of amines are shown in Figure 2-5. 
 
Figure 2- 4 Mechanism of acid-catalyzed hydrolysis of amides [2-12],[2-13] 
 
 
Figure 2- 5 Classification of different types of amine based on number of alkyl or aryl group replaced by 













Two mechanisms which are reviewed in this study are 1) the Hofmann reaction degradation and 
2) Electrochemical reduction. The Hofmann mechanism is simply described in Figure 2-6a and 
illustrated in detail in Figure 2-6b. In other words, the Hofmann reaction is the organic reaction of 




Figure 2- 6 Hofmann degradation reaction; a) Associated three stages reactions to form amine [2-15] ;b) 
Details of three reactions contributed in formation of amine [2-14] 
The electrochemical reduction of nitro-aryls is conducted on electrochemical cell. A typical cell is 
divided by a semipermeable membrane with 30% sulphuric acid on the anode side and 15% to 
20% hydrochloric acid on the cathode side. The applicable types of cathodes are considered as 
lead, tin , nickel or copper. Due to demand of reducing agent to result in amine production and 
inorganic compound is introduced to the system, and after reaction with the nitro-aryl, it can be 
regenerated at the cathode. The reaction is as follows: 
[2-1]  Ar  ̶  NO2 + 6H+ + 6e-  Ar  ̶ NH2 +2H2O 
A common reaction that is capable of performing electrochemically is the reduction of para-





the high power consumption and difficulties in isolating the desired reaction products from the 
starting material and electrolyte [2-15]. 
2-3. Applicable mechanisms in highly polluted industrial wastewater 
Various treatment processes are implemented for removing synthetic organics which are 
considered as: 1) conventional; biological activated carbon, 2) microalgae reactor, 3) activated 
sludge, 4) non-conventional; constructed wetland, 5) MBR, 6) chemical process coagulation, 7) 
ozonation, 8) AOPs, 9) Fenton and photo-Fenton, 10) photocatalysis (TiO2) , 11) physical process 
; micro- or ultra filtration, 12) Nanofiltration, and finally 13) reverse osmosis. According to Ahmed 
et al. [2-16] review on progress in the biological and chemical treatment of emerging contaminants 
(ECs) including synthetic organics, the advantageous and challenges of each individual treatment 
process is discussed. Table 2-3 provides all challenges and advantageous of applicable treatment 
processes on removing ECs. 
 Due to stability of amides and high concentrations of ammonia, TKN, total nitrogen, and organic 
nitrogen in plumblingless color photographic process (see Tab.2-2) and high conductivity of 
medium (62 mS/cm), most mechanisms which are effective in treatment of diluted wastewater (i.e. 
biological treatment) would be impractical in the described scenario. Poyatos et al. [2-32] prove that 
AOPs are applicable and recommended when there is a high chemical stability and/or low 
biodegradability in wastewater components. 
To generally describe AOPs, photochemical degradation processes (UV/O3, UV/H2O2), 
photocatalysis (TiO2/UV, Photo-Fenton reactives), and chemical oxidation processes (O3, 
O3/H2O2, H2O2/Fe
2+) are all considered as subcategories. The predominant mechanism produces 
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hydroxyl radicals (OH.) which are very reactive and attack the most organic molecules although 
they are not highly selective [2-33, [2-34]. 
[2-2] 
The methods which are specifically investigated and reviewed in this study are: ozonation in an 
alkaline medium, ozone and ultraviolet, ozone and ultrasound, ozone, hydrogen peroxide, 















Table 2- 3 Comparison of applicable treatment processes for emerging contaminants considering 
advantages and challenges 




Provide a wide range of ECs removal from 
wastewater 
Relatively high cost in operation and maintenance 




More environmentally friendly than 
chlorination 
Large amount of sludge containing ECs 







Low energy consumption and low 
operational and maintenance costs 
High performance on removal of estrogens, 
PCPs, pesticides and pathogens 
Clogging, solids entrapment and sediments formation 
Biofilm growth, chemical precipitation and seasonal 
dependent 
Needs large area of lands and long retention time 
[2-24] 
Microalgae reactor 
Resource recovery of algal biomass, used 
as fertilizer 
High quality effluent and no acute toxicity 
risk associated with ECs 
Removal efficiencies affected by cold season and low 
temperature 
EDCs cannot be degraded properly 
[2-25] 
MBR 
Effective for the removal of biorecalcitrant 
and ECs 
Small foot print 
 
High energy consumption and fouling, control of heat 
and mass transfer 
High aeration cost and roughness of membrane 
Pharmaceutical pollutants have low efficiencies 





Reduced turbidity arising from suspended 
inorganic and organic particles 
Increased sedimentation rate through 
suspended solid particles formation 
Ineffective micropollutants removal 
Large amount of sludge 
Introduction of coagulant slats in the aqueous phase 
[2-17], [2-24] 
Ozonation 
Strong affinity to ECs in the presence of 
H2O2 
High energy consumption, formation of oxidative by-
products 




Selective oxidant favoring disinfection and 
sterilization properties 
Major ancillary effects on removal of ECs 
such as EDCs, pharmaceuticals, PCPs, and 
pesticides 
Short degradation rate 
Energy consumption issues, operational and 
maintenance costs 
Formation of toxic disinfection by-products 




Degradation and mineralization of ECs 
 
Decrease of OH.  forming chloro and Ferric sulfate 
complexes or due to scavenge of OH. forming Cl2 . and 






Sunlight can be used by avoiding UV light 
Degrading persistent organic compounds 
High reaction rates upon using catalyst 
Difficult to treat large volume of wastewater 
Cost associated with artificial UV lamps and electricity 
[2-30] 
Reverse osmosis 
Can remove dye and pesticides 
Useful for treating saline water and WWTP 
influents 
Can remove PCPs, EDCs, and 
pharmaceuticals 
High energy demand, membrane fouling, and disposal 
issue 







Can remove pathogens 
Not fully effective in removing ECs as not fully effective 
in removing some ECs as pore sizes vary from 100 to 
1000 times larger than micropollutants 
[2-21] 
Nanofiltration 
Applicable for heavy metal removal 
Useful for treating saline water and WWTP 
influents 
High cost of operation 







Figure 2- 7 Advanced oxidation process classification; applied abbreviations: O3 ozonation; H2O2 
hydrogen peroxide; UV ultraviolet radiation; US ultrasound energy; Fe2+ ferrous ion [2-32] 
 
2-3-1. Ozonation in an alkaline medium 
Ozone is a very selective oxidant with standard potentials of 2.07 V (vs. NHE) in acidic solution 
and 1.25 V (vs. NHE) in basic solution [2-35]. Due to instability of ozonation in an aqueous medium, 
spontaneous recompositing is expected to take place in a way which results in production of 
hydroxyl radicals. The degradation is proceeded by functionalization of both ozonation and 
generated hydroxyl radicals in an alkaline medium. The production of hydroxyl radicals is strongly 
dependent to pH of the medium and it will remarkably enhance once pH increases. The involved 
reactions are as follows [2-36]. 
[2-3]  O3 +OH-     O3. - + OH. 
[2-4]  O3. -           O2 + O. – 
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[2-5]  O. – + H+          OH. 
Although ozonation in alkaline medium is classified as without energy methods among AOPs, the 
conducted research on ozonation efficiency demonstrates that a very limited mineralization of 
organic compounds is obtained. The reason is relatively low solubility and stability of ozone in 
water and also the slow reaction with some organic compounds [2-38]. 
2-3-2. Ozone and ultraviolet radiation (O3/UV) 
The mechanism of O3/UV is producing hydroxyl radicals by radiating ultraviolet through the 
aqueous medium which is saturated with ozone. The appropriate wavelength is 253.7 nm. At the 
mentioned wavelength, the extinction coefficient for gas-phase ozone is 3300 M-1cm-1 [2-37]. For 
each mole of hydroxyl formed, 0.5 mol (photons) of UV radiation, 0.5 mol of H2O2 (formed in 
situ), and 1.5 mol of zone are consumed [2-39]. The photolysis reactions of ozone and production of 
hydroxyl radicals are described as followed: 
[2-6]   H2O +O3      hv     2OH. + O2 
[2-7]   2OH.             H2O2  
 One of the compound which is used as an industrial solvent is N- methyl -2- pyrolidone (NMP). 
Due to presence of C=O bond, it is probably reactive toward ozone. Murugandham et al. [2-40] 
utilized ozone and ultraviolet radiation with the following experimental conditions: UV intensity 
of 5.5 mW/cm2, a temperature of 25 ̊ C, and pH equals to 10. The results indicated that the rate of 
TOC reduction was 56.2 %. In addition, the applied ozone concentration is 44.5 mg/L and applied 
ozone dosage is 184.5 mg/ (L min). Since the NMP initial concentrations were very low (500 
mg/L), the total removal is obtained after 5 hours of exposure. The challenges which are 
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interrelated for all ozone based treatment processes are formation of some oxidative by-products, 
energy consumption, and interference of radical scavenger [2-16], [2-17], [2-19]. 
2-3-3. Ozone, hydrogen peroxide, and ultraviolet radiation (O3/H2O2/UV)  
The function of hydrogen peroxide is accelerating the decomposition of ozone and increasing the 
generation of hydroxyl radicals (OH.). The main concerns of using O3/H2O2/UV is the high cost 
of utilizing two types of reagents. Based on Yonor et al. [2-41] cost estimation, the expected costs 
per one cubic meter for ozone, ozone/UV, H2O2 /UV, and O3/H2O2/UV are presented in Table 2-
4. The resulting action in the combination of two binary system (O3/UV and O3/H2O2) is: 
[2-8]  2 O3 + H2O2     hv      2 OH . + 3O2 
Table 2- 4  Operating cost of advanced oxidation processes a [2-41] 





a Cost of labor not included; b Optimum lamp life: 2000. Operating costs calculated based on 90% COD removal 
Peternel et al. [2-42] found out that the highest mineralization of organic pollutant is achieved by 
UV/H2O2/O3. A comparison among ultraviolet, ultraviolet and hydrogen peroxide, ultraviolet and 
ozone, and finally ultraviolet, hydrogen peroxide and ozone is also conducted on organic dyes C.I. 
reactive Red 45  by Peternel et al. [2-42], and the following order with respect to removal efficiency 






2-3-4. Ozonation and ultrasound 
Based on He et al. [2-43] study, once ozone and ultrasound are present in the treatment process, eight 
distinctive reactions took place in the medium which are described below (“)))” is representative 
of ultrasound): 
[2-9] H2O     )))     H. +OH. 
[2-10] O3    )))        O2 (g) + O (3 P) 
[2-11] O (3P)(g)  + H2O           2 OH. 
[2-12] O3 + OH.              O2 + HO2 . 
[2-13] O2 + H.          HO2 . 
[2-14] O3 + HO2 .                  2 O2 + OH. 
[2-15] OH. + OH.               H2O2 
[2-16]  HO2 . + OH.         H2O + O2  
 p-Aminophenol (PAP) is an environmental pollutant compound which is widely used as an 
intermediate in the production of certain medicines such as paracetamol. Due to its applicability 
as a photograph developer and relevancy to scope of this research, studying the efficiency of the 
degradation mechanism come into consideration. He et al. [2-43] studied the mechanism once the 
initial concentration of PAP is 10 mmol/L, and the operating conditions are 5.3 g/h ozone dosage, 
pH is equal to 11, and ultrasonic energy density of 0.3 W/mL at temperature of 25 ̊ C.. The 
achieved efficiency is 99% throughout 30 min exposure time. TOC removal efficacy also resulted 
in 77% in the same time interval. The parameters which strongly impact on the efficiency of the 
mechanism are pH and ozone dosage. Once the pH changes toward a strong basic condition, the 
efficiency will significantly boost. The increase in ozone dosage shows the same influence on 
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enhancement of removal efficiency, however the increase in ultrasound energy density does not 
result in the improvement to the efficiency. At last, n-butanol (a hydroxyl radical scavenger) with 
100 mmol/L dropped the removal efficiency for 10% which shows the strong dependency of 
mechanism due to the presence of hydroxyl radicals.  
Because of significant reduction in cost due to elimination of radiation, there is a potential to 
combine with oxidation processes, however the technology of ultrasonic requires the development 
and it is in an initial phase [2-32]. pH adjustment is also always required to obtain the best 
performance of degradation which limits its application in high sulphate contained wastewater. 
The studied wastewater in this research contains 4190 mg/L sulphate which shows the potential 
acidic condition that might occur after the initiation of treatment. 
2-3-5. Fenton process 
The Fenton process was found by H.J.H Fenton (in 1894) who reported that hydrogen peroxide 
could be activated by ferrous salts to oxidize tartaric acid [2-44]. Sychev and Isak [2-45] determined 
the mechanism of Fenton and presented 9 distinctive reactions. The first reaction (Eq. 2-17) could 
be considered as a core reaction in Fenton process which decomposes hydrogen peroxide to 
hydroxyl radical and converts ferrous ions to ferric ions. The regeneration of ferrous ions is carried 
out by the second reaction (Eq. 2-18) which is transferring ferric to ferrous by reduction reaction. 
The kinetics of regeneration of ferrous ions is relatively slower than the first reaction and is called 
Fenton-like reaction. One of the products of Fenton –like reaction is hydroperoxyl radicals (O2H
.) 
which also attacks organic contaminants, however the observed sensitiveness is less than hydroxyl 
radicals. An external source of ferrous is added to the Fenton system to act as a catalyst for the 
consumption reaction of hydrogen peroxide to enhance the production of hydroxyl radicals. The 
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reaction of ferrous with hydroxyl and hydroperoxyl radicals are given in the third and fourth 
reactions (Eq. 2-19, Eq. 2-20) correspondingly. The reaction of ferric (Fe3+) with hydroperoxyl is 
also presented in the fifth reaction (Eq. 2-21). The regeneration of ferrous ions results in the four 
last presented reactions, and they are considered as rate limiting steps in Fenton chemistry.  
[2-17]  Fe2+ + H2O2           Fe3+ + OH 
-
 + OH .    k = 40 – 80 L/( mol . s) 
[2-18]  Fe3+ + H2O2            Fe2+ + O2 H .  + H+     k = 9.1* 10-7 L/( mol . s) 
[2-19]  Fe 2+ + OH .             Fe3+ + OH 
-              k = 2.5 – 5 * 10 8 L/( mol . s) 
[2-20]  Fe2+ + O2 H .        Fe3+ + HO2
-            k = 0.72-1.5 * 106 L/( mol . s)   
[2-21]  Fe3+ + O2 H .              Fe 2+ + O2 + H+        k= 0.33-2.1 * 106 L/( mol . s)   
Four reactions are determined to provide the possible radicals for radical reactions or hydrogen 
peroxide-radical reactions which are presented below: 
[2-22]  OH . + OH .          H2 O2                      k = 5- 8 * 10 9 L/( mol . s)   
[2-23]  OH . + H2O2                   O2 H . + H2O         k = 1.7 -4.5 * 107 L/( mol . s)   
[2-24]  O2 H . + O2 H .              H2O + O2              k = 0.8 -2.2 * 106 L/( mol . s)   
[2-25]  OH . + O2 H .          H2O + O2             k= 1.4 * 1010 L/( mol . s)   
The decomposition of hydrogen peroxide to molecular oxygen and water is presented in Eq. 2-26 
in the absence or presence of organic molecules. The side effect of the described reaction is 
exploitation of bulk oxidants which reduce the amount of oxidant and necessitates a pointless 
increase on treatment cost [2-46]. 
[2-26] 2H2O2                  O2 + 2H2O 
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Hydroxyl radicals could be scavenged by ferrous ions (Eq. 2-19), hydrogen peroxide (Eq. 2-23), 
and/or hydroperoxyl radicals (Eq. 2-24) can even be auto scavenged by Eq.2-22[2-47]. 
Babuponnusami and Muthukumar [2-48] state that hydroxyl radicals can act as radical generator 
(Eq. 2-17) and scavengers (Eq. 2-23). 
It is possible that the hydroxyl radicals attack the organic radicals resulting in organics which are 
present in the wastewater. The mentioned radicals from organic matter can form dimmers or react 
with ferric and ferrous ions. All three scenarios are presented in Eq. 2-27 to Eq. 2-29. 
[2-27]  2 R.             RR                
[2-28]  R. + Fe2+                 R
 - + Fe 3+ 
[2-29]  R+ Fe 3+            R+ + Fe2+ 
The operating pH is strongly dependent on the iron and hydrogen peroxide specie factor. The 
optimal p regardless of type of the target substrate is around 3 [2-49], [2-50], [2-51], [2-52]. At very low pH 
values, iron complex species [Fe (H2O) 6]
2+ are detected which react more slowly with hydrogen 
peroxide. It should be mentioned that increasing the concentration of ferrous ions will usually 
enhance the rate of degradation. The side effect of increasing ferrous ions is raising the amount of 
total dissolved solids content of the effluent which is not in accordance with environmental 
regulations. Thereby, optimising the loading of ferrous ions is crucial in laboratory scale studies 
[2-53]. The role of hydrogen peroxide concentration is crucial in the Fenton process. Regularly, the 
major impact of increasing hydrogen peroxide dosage is on the improvement of the pollutant 
removal efficiency, however exceeding appropriate dosage will lead to serious problems. First of 
all, COD will increase due to the contribution of unused hydrogen peroxide. Secondly, high dosage 
of hydrogen peroxide is harmful to many organisms which participate in biological oxidation [2-
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54]. Finally, the scavenging of hydroxyl radicals is expected to intensify once the over dosage of 
hydrogen peroxide is introduced to the system. As well as ferrous ion concentration, it is important 
to optimize hydrogen peroxide dosage in laboratory scale studies. Overview of the work conducted 
on Fenton oxidation is provided in Table 2-5.  
The advantages of using Fenton process as a predominant method of treatment are: applicability 
in room temperature and atmospheric pressure; accessibility of required reagents and chemicals, 
furthermore, they do not cause environmental damage [2-46]. Three main drawbacks are scavenging 
of hydroxyl radicals due to wastage of oxidant, continuous loss of iron ions, and the formation of 














Table 2- 5 Overview of research works conducted on Fenton treatment in recent years 
Wastewater/organic 
compound used 
Experimental conditions Remarks Reference 
2-6-dimethyl-aniline 
2,6-DMA, n,n-dimethyl-aniline (n,n-DMA), 
aniline (AN), 2,6-dimethyl-phenol (2,6-
DMP), 2,6-dimethyl-nitrobenzene (2,6-
DMN), 2,6-dimethyl-benzoquinone (2,6-
DMB), FeSO4·7H2O, and H2O2 are target 
pollutants ; FeSO4·7H2O as a source of 
ferrous ions ; exposure time 20 minutes; the 
studied was carried out on both batch and 
continuous systems 
Nearly complete degradation was obtained after 10 
min 
Hydroxyl radical mechanism is assessed by using 






Batch reactor (2 L) open to atmosphere was 
used.Initial concentration of phenol, 2-
chlorophenol and 2-nitrophenol were 
2.66mM, 1.95mM and 1.8mM, respectively. 
H2O2 concentration: 0.2–3.5mM/mM of 
phenolic compounds. Fe2+/phenol 
compounds: 0.01/1, treatment time: 24 h 
Presence of chloride and sulfate anions influenced the 
phenol, 2-CP, and 2-NP degradation. Higher 
resistance of formed intermediates was observed. 
Biodegradability of phenol was enhanced by the 




1 L capacity Fenton reactor was used. Fe2+ 
concentration range used: 0–0.01 M, H2O2 
operating range used: 0–4 M, temperature: 
20.8 ̊ C 
and pH 3.2 
Increase in Fe2+ and H2O2 concentration increases the 
pollutant removal and optimum Fe2+ dosage was found 
to be 5mM. H2O2 was completely utilized and found to 
be a limiting reactant. Increase in pH from 3 to 
7 decreased the rate appreciably. Increase in 
temperature from 0 to 40.8 ˚ C showed a variation in 






sulfonate and linear 
alkyl sulfonate 
Reactor with 2 L capacity was used. Fe2+ 
range: 30–180 mg/L, H2O2 concentration 
range: 20–80 mg/L, treatment time: 3 h 
Optimum pH was observed as 3 and optimum FeSO4 
and H2O2 concentrations were found to be 90 and 
60 mg/L, respectively. Subsequent treatment with 
coagulation is recommended to improve settling. 
Reaction followed first order with respect to reactants 




Batch 1-l double jacket spherical plastic 
reactor with four baffles. Mixing speed was 
about 1750 rpm.  Its characteristics were 
pH 6.65−6.69, COD 8298−8894 mg L−1, 
TOC 2040−2207 mg L−1, and alkalinity as 
CaCO3 3500−4600 mg L−1. pH is adjusted 
throughout the treatment process 
The oxidation of organic materials by Fenton's reagent 
was so fast that it was complete in 30 min with batch 
experiments. The oxidation of organic materials in the 
leachate revealed a pH dependence and was most 
efficient in the pH range of 2–3. A favorable H2O2/Fe2+ 
molar ratio was 1.5, and organic removal increased as 
dosage increased at the favorable H2O2/Fe2+ molar 
ratio. 
[2-59] 
Real effluent with 
COD: 1500 mg/L 
Reaction was carried out in a 2 L Fenton 
reactor at a constant temperature of 25 8C 
and the contents were mixed with magnetic 
stirrer. Fe2+ range used: 250–2250 mg/L; 
H2O2 range used: 0–1600 mg/L; pH range 
studied: 2–9 
The maximum COD removal efficiency was observed 
at a pH of 3.5 and it was drastically reduced when pH 
increased above 6. COD removal efficiency increased 
when Fe2+ dosage increased up to 500 mg/L, beyond 
which removal efficiency becomes constant. Similar 






2-3-6.   Sono-Fenton process 
The oxidation of organics by ultrasound draws attention due to rapid degradation of chemical 
contaminants [2-61]. To define ultrasound phenomenon, it should be mentioned that it is a sound 
wave with a frequency greater than 20 kHz. The medium range frequency of ultrasound (300-1000 
kHz) is utilized for sonochemical effects [2-62].  
 The mechanism of ultrasound waves is described by expansion and compression cycles. 
Meanwhile the expansion cycle, the pressure of the liquid reduced. In the case, the amplitude of 
ultrasound pressure is adequately large, acoustic cavitation will take place. The process includes 
formation, growth, and implosion of bubbles filled with vapor and/or gas. The parameters which 
affected the growth and implosion of bubbles are considered as ultrasound frequency and intensity, 
initial size of gaseous nuclei present in liquid, and physical properties of gas and liquid. Prior to 
implosion, the size of bubbles is oscillating. Once the cavitation bubbles explosively collapse, the 
pressure, and temperature will be able to reach several hundred atmospheres and several thousand 
Kelvin [2-63], [2-64], [2-65]. At several hundred atmospheres and several thousand Kelvin, organic 
compounds are decomposed directly by pyrolytic cleavage. The resulting hydroxyl radicals from 
pyrolysis also facilitate the degradation of organics. Thereby, three potential reaction sites are 
expected: 1) inside of cavitation bubbles, 2) interfacial region between the cavitation bubble and 
liquid phase, and 3) bulk region. The formation of hydroxyl radicals by water pyrolysis is provided 
in Eq. 2-30. The formed radical can undergo a variety of chemical reactions in the bulk solution 
and/or in a gas bubble which are presented in E.2-31, Eq.2-32, and Eq.2-33, respectively [2-66], [2-
67]. 
[2-30]  H2O    )))        OH . + H . 
[2-31]  OH .        H. + H2O . 
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[2-32]  2OH .            H2O + O . 
[2-33]  2OH .              H2O2 
[2-34]  2 H.              H2  
The mechanism of decomposition is strongly dependent on the wettability of chemicals. To 
support the statement, hydrophobic chemicals with high vapor pressure go through predominantly 
thermal decomposition inside the cavitation bubbles [2-68], [2-69]. While on the other hand, 
hydrophilic compounds with low vapor pressures mostly show the tendency to persist in the bulk 
region. Therefore, the destruction of hydrophilic chemicals is much easier due to oxidative 
degradation in the bulk solution. 
 The combination of Fenton, and sonolysis provides remarkable results. Nam et al. [2-70] applied 
sono-Fenton process on degradation of non-volatile organic compounds.  A cylindrical reactor 
which was equipped with a titanium probe (dia: 1.3 cm, 20 kHz), was used. The temperature was 
preserved at 25 ± 2 ⁰ C using a water bath. Power intensity of 14.3W/cm2 was used. Fe2+ ions were 
added in the range from 0–20 mM. The pH was adjusted to 3.5 using phosphate buffer. Based on 
the achieved results, the hydroxyl radical production rate enhanced by 70% in comparison with 
sono ultrasound process alone. In addition, the degradation rate was increased by 2.8- and 3.6-fold 
at 10 and 20mM Fe2+, respectively. 
The drawbacks of the sono-Fenton process are: 1) Sensitivity of ultrasonic performance to the 
geometry of the reactor, 2) Significant influence of position of ultrasonic probe on propagation of 






2-3-7.   Photo-Fenton process 
A combination of hydrogen peroxide UV radiation with ferrous or ferric oxalate ion is called the 
photo-Fenton process. The outcome would be an increase in production of hydroxyl radicals and 
in turn increases the rate of degradation of organic compounds [1-10], [2-71], [2-72]. Due to accumulation 
of ferric ions and consumption of all ferrous ions, the Fenton reaction does not proceed, however, 
photochemical regeneration of ferrous ions by photo-reduction (Eq. 2-35) of ferric ions takes place 
in photo-Fenton reactions. 
[2-35]  Fe (OH) 2+ + hv             Fe2+ + OH. 
Based on conducted research on photo-Fenton degradation of organic pollutants, the combination 
of Fenton reaction with conventional radiation zone of visible and near ultraviolet leads to better 
degradation. The investigated organic pollutants are 4-chlorophenol [1-12], mitrobenzene, and 
anisole [2-73], herbicides [2-71], and ethyleneglycol [2-74] respectively. Direct photolysis of hydrogen 
peroxide (Eq.2-36) contributes only to a lesser extent for photo-degradation of organic 
contaminants once iron complexes are present and the reason is strong adsorption of radiation by 
iron complexes [2-75], [2-76]. 
[2-36]  H2O2 + hv            2 OH . 
The optimal performance of photo-Fenton degradation is achieved by pH 3 when the hydroxyl- 
ferric complexes are more soluble and Fe (OH) 2+ are more photoactive [2-77].  
 Amat et al. [2-78] juxtaposed the degradation of two commercial anionic surfactants which are 
sodium dodecyl sulfate and dodecylbenzenesulfonate. The experimental conditions were 
determined based on three scenarios. The first scenario was using a Fenton reagent with hydrogen 
peroxide in the presence or absence of solar radiation. The second scenario was utilizing photo 
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catalysis (TiO2) with solar irradiation and the final scenario was carrying out photo-degradation 
using solar sensitizer (pyrylium salt). The results revealed that addition of a solar sensitizer would 
not give acceptable degradation efficiency and their further studies concluded that the photo-
Fenton processes using solar radiation (0.1 mM of Fe2+ or Fe3+, and 1 mM H2O2) had a higher rate 
of surfactant degradation than that of solar-TiO2 treatment. 
2-3-8.   Electro-Fenton process 
Fenton process reactions are fully described in Section 2-3-5. To add further information on the 
appropriate oxidant in Fenton reactions, it should be noted that HClO is also able to react with 
ferrous in a Fenton-type reaction and the results would be in production of large amounts of 
hydroxyl radicals in the bulk solution [2-79]. Furthermore, the direct decomposition of hydrogen 
peroxide to hydroxyl radicals can be assessed by utilizing catalytic metal ions such as chromium, 
cerium, copper, cobalt, manganese, and ruthenium through conventional Fenton-like pathways [2-
80]. The electro-Fenton process is introduced to overcome some of the drawbacks of the Fenton 
process (See Section 2-3-4). Brillas’ and Oturan’s group developed the electro-Fenton process 
during the last 15 years [2-81],[2-82]. The developments which was conveyed by the Brillas’ and 
Oturan’s group are summarized in three approaches: 1) the in situ and continuous electrogeneration 
of hydrogen peroxide at a carbonaceous cathode was fed with pure oxygen or air, 2) the addition 
of a ferrous catalyst to the solution, and 3) the cathodic reduction of ferric and ferrous which is 
described in Eq. 2-37, with consequent continuous production of Fenton reagents. 
[2-37]  Fe 3+ + e –                 Fe 2+ 
The best anode material which significantly enhances the electro-Fenton oxidation is boron doped 
diamond (BDD) [2-83]. The reason is production of reactive oxygen species (ROS) specifically M 
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(OH.).  Platinum also gives enhanced electro-Fenton oxidation because of having relatively small 
energy gap between valance and conductive band with the value of 1.4 eV [2-84]. Due to high cost 
of BDD and platinum, the alternatives would be using graphite electrode which has high corrosion 
resistance and remarkable electro Fenton oxidation efficiency [2-84].  
  Several cathode materials which are carbon-polytetrafluoroethylene (PTFE) gas (O2 or air), 
carbon felt (CF), carbon sponage, and reticulated vitreous carbon (RVC) have been investigated 
[2-81], [2-82], [2-85], [2-86]. According to efficiencies, two materials are placed on the top of list that are 
EF with carbon-PTFE air-diffusion electrode and EF with CF. Utilizing the first one leads to 
accumulation of high amounts of hydrogen peroxide in the medium with low ferrous regeneration 
through Eq. 2-37. While on the other hand, EF with CF provided the condition for the continuous 
transformation of ferric to ferrous due to low hydrogen peroxide electrogeneration at the CF 
cathode [2-87].  
Kishimoto et al. [2-88],[2-89] developed an electro-Fenton type process using HClO as an oxidant and 
ferrous as a Fenton agent in which HClO is generated at the anode following Eq.2-38 and Eq.2-
39. In addition, iron is added to the solution and the regeneration of ferric to ferrous is carried out 
via Eq.2-37. 
[2-37]   2Cl -          Cl2 + 2e – 
[2-38]   Cl2 + H2O  HClO + Cl - + H + 
Several operational parameters affect electro advanced oxidation processes (EAOPs) which are: 
1) initial organic concentration, 2) current density (or applied current or potential), 3) temperature, 
4) pH, 5) supporting electrolyte nature and concentration, 6) O2 or air feeding flow rate, and finally 
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7) initial total dissolved iron concentration. The main electrochemical advanced oxidation 
processes parameters and impact on degradation efficacy are provided in Table 2-6. 
The electro-Fenton process is applied to treat synthetic and real wastewater mostly at laboratory 
bench scale. The obtained results prove the high efficiency of EF once the pollutant concentrations 
are relatively high where most conventional methods are ineffective to reach the desired remained 


















Table 2- 6 The impacts of operating parameters on pollutants degradation efficiencies [2-125]  
Parameter Influence on degradation efficiency References 
Initial organic concentration 
Higher initial organic concentrations require longer exposure times which 
lead to higher pollutant removal rates. The reason is faster oxidation of 
organics with hydroxyl radicals and inhibition of parasitic reactions. Also, 




Current density (or applied 
current or potential) 
Higher generation of oxidizing species and consequent higher pollutant 
degradation efficiency is observed once j (or I or E) is increased. For higher 
j (or I or E) up to value that parasitic reactions occur in a high extent that 




Diverse impact depending on the pH and wastewater composition due to its 
influence on the rate of ferrous generation and ferric regeneration through 
Eq.2-18, Eq.2-21, and Eq.2-39 which is followed: 
Fe 3+ + O2. –             Fe 2+ + O2 (higher rate for higher temperature). Also, the 
amount of precipitated Fe(OH)3 is affected by increasing temperature 
 
[2-100], [2-101], [2-102], 
[2-104],[2-105],[2-106] 
pH 
Frequently the highest degradation of pollutants is achieved by pH around 3 
due to predominance of Fenton reactions. The addition of carboxylic acids 
can permit using higher pH values with higher degradation efficiency. Some 
studies found that pH 2.0 -4.0 will also give similar process efficiency. 
[2-97], [2-107], [2-108], 
[2-109] 
Supporting electrolyte 
nature and concentration 
Contentious results: (i) NaCl > Na2SO4 due to degradation of pollutants with 
active chlorine species in the presence of chloride, scavenging of OH • by 
sulfate at higher rate than by chloride and/or formation of sulfate-iron 
complexes; (ii) Na2SO4 > NaCl due to H2O2 consumption by reaction with 
HClO and/or formation of recalcitrant chloroderivatives; (iii) NaClO4 > NaCl 
due to non-reactivity of ClO4− toward iron and OH •; or (iv) NaCl > NaClO4. 
[2-29],[2-110],[2-111],[2-
112],[2-113] 
O2 or air feeding flow rate 




Initial total dissolved iron 
concentration 
Higher degradation efficiency once the initial total dissolved iron 
concentration is increased. The limit is set based on the equilibrium 
between positive effect coming from Fenton reaction enhancement and 
negative impact from the growth of parasitic reaction. 
[2-107] 
Stirring rate or liquid flow 
rate 
High stirring rate leads to prevention of solid deposition, fast solution 
homogenization and enhancement in mass transfer of pollutants towards 











Experimental conditions Remarks Reference 
Land fill leachate 
A rectangular glass reactor containing 200mL solution 
was used for batch experiments. Constant current 
supply of 1–3 A using DC power supply was used. 
Two anode (Ti/RuO2–IrO2) and cathode at different 
distances like 0.7, 1.3, 2.1, and 2.8 cm were placed 
into leachate solution. pH was adjusted to 3 utilizing 
sulfuric acid. H2O2 range of 0.1–0.44 mol/L and Fe
2+ 
range of 0.1–0.12 mol/L was studied 
The COD removal of 65% was obtained 
when H2O2 alone used in the reactor. 
Presence of Fe2+ greatly 
improved the COD removal up to 83.4% 
at a dosage of 0.038 mol/L Fe2+. Further 
increase in Fe2+ concentration decreased 
the COD removal. The optimum 
electrode distance obtained was 2.1 cm. 
The step wise or continuous addition of 
H2O2 was more efficient than addition of 
H2O2 in a single step. 
[2-119] 
Nitro phenols 
Undivided glass cell of 250 mL capacity containing 
graphite cathode and platinum black anode was used. 
The pH was kept constant at 3 using H2SO4. Also, 
Na2SO4 was used to maintain the conductivity. All 
experiments were carried out at room temperature. 
Constant current of 0.05 A was maintained and 
0.5 mmol/L of Fe2+ was used 
Degradation of 4-nitrophenol was 
significantly enhanced by the 
introduction of aeration and Fe2+. 
The results showed 98% removal of 4-
NP and 13% removal of TOC. Electro-
Fenton process eliminates the toxicity 
and improved the biodegradability of 
4-Nitrophenols. Intermediates such as 
hydroquinone and benzoquinone were 










The synthetic wastewater contained 4.6–23 mg formic 
L−1, 7.4–37 mg glyoxylic L−1, 9.0–45 mg oxalic L−1, 
6.0–30 mg acetic L−1, 7.6–38 mg glycolic L−1, 8.8–44 
mg pyruvic L−1, 10–52 mg malonic L−1, 12–58 mg 
maleic L−1, 12-58 mg fumaric L−1, 12–59 mg succinic 
L−1 or 13–67 mg malic L−1 in 5.6 g KCl L−1.The 
experimental exposure volume is 200 mL in an 
undivided cell. The utilized material for anode and 
cathode are platinum mesh and carbon felt 
respectively. The applied current densities is varied 
based on the surface area of utilized cathode. For 56 
cm2 and 112 cm2 the current densities are 1.1 - 5.4 
mA/cm2 and 1.8-2.7 mA/cm2 respectively. The pH is 
maintained at 3. Also the initial total dissolved iron is 
5.6 m L-1. 
Dissolved organic carbon is completely 















The synthetic wastewater contained 31 or 99 mg 
phenol L−1 in 7.0 g Na2SO4 L
−1. The exposure volume 
is 150 – 400 mL. Anode and cathode materials are 
platinum grid and carbon felt respectively. The 
practical current densities is varied based on the 
surface area of utilized cathode. For 48 cm2 and 102 
cm2 the current densities are 2.1 mA/cm2 and 0.98 
mA/cm2 respectively. The operational temperature is 
ambient and the pH is maintained at 3. Three different 
dosage of initial dissolved iron concentrations are 
assessed with three distinctive types of metals. 2.8–56 
mg L−1 or 2.9–59 Co2+ or 5.5–55 mg Mn2+ L−1 or 64–
635 mg Cu2+ L−1. 
Dissolved organic carbon is completely 
removed from the system. 
[2-122] 
Mixture of 8 
municipal sanitary 
landfill leachate 
The characteristics of studied real wastewater are as 
follows 
([Cl−]0 = 1420–8570 mg L−1) Mixture of 8 municipal 
sanitary landfill leachate DOC (mg L−1) = 1600–3100 
TSS (mg L−1) = 15310–17602 pH = 8.0–9.0 [SO4
2−] 
(mg L−1) = 60–240 [Cl−] (mg L−1) = 5000–6200 [NH4+] 
(mg L−1) = 1900–3200 [NO2
−] (mg L−1) = 0 [NO3
−] 
(mg L−1) = 0 
Undivided cell with the volume of 250 mL. Anode and 
cathode type and the dimensions are as followed: BDD 
or Pt (24 cm2) Cathode: CF (70 cm2) Tha applied 
current density is 7.1–14 mA cm−2 , The operation of 
temperature is ambient. pH is adjusted to 3.0. Initial 
total dissolved iron concentration is 11 mg L−1 
The maximum achieved dissolved 
oxygen decay is 93%. 
[2-123] 
Aniline 
The exposure volume is 10-30 L. The pollutant 
concentration is 1000 ppm aniline solutioin in 0.05 M 
Na2 SO4 + H2 SO4. A pilot flow reactor in recirculation 
mode with a filter-press cell containing an anode and 
an oxygen diffusion cathode, both of  100 cm2 area. 
The total dissolved iron is 1 mM Fe2+ and a Ti/Pt or 
DSA anode is utilized. 
Various configurations are considered 
and the maximal degredation for each 
type of anode is: 
61% TOC removal in 2 hours while 
applying 20 A current with Ti/Pt anode. 
63% TOC removal in 2 hours while 
applying 20 A current with 
Dimensionally Stable Anode (DSA). 
During this process energy demand was 
3.8 kWh/g COD removal. The results 
showed 100% sulfide removal 














The properties of wastewater contaminants are: DOC = 
4298 mg L-1,COD = 12000 mg L-1, BOD5 = 7950 mg L
-
1, C = 3178 µS cm-1, TSS = 81 mg L-1, pH = 3.7, TDI < 
0.1 mg L-1, SO4
2-= 30 mg L-1, Cl- = 20 mg L-1, 
NH4
+=9.9 mg L-1, NO2
- = 1.4 mg L-1, NO3
-= 0.89 mg L-
1, PO4
3-< 0.02. Flow plant with undivided filter-press 
cell with exposure volume of 1.25 L. The utilized 
anode and cathode are BDD and Carbon-PTFE air-
diffusion respectively. The applied current density is 
10-100 mA cm-2. The flow rate is 0.67 L min-1 with 
magnetic stirring. The operational temperature is 25 ͦ C. 
The pH is maintained at 2.8 while the total dissolved 
iron concentration is 20 -70 mg L-1. 
No fitting of a pseudo-first-order kinetic 
model to experimental data. 82% 
removal efficiency is achieved with 
respect to DOC after 240 minutes. 
[2-125] 
Textile wastewater 
The properties of wastewater compounds are : 
: DOC = 395 mg L-1,COD = 1224 mg L-1, C = 2914 µS 
cm-1, TSS = 81 mg L-1, pH = 4.8, SO4
2-= 38 mg L-1, Cl- 
= 234 mg L-1. An undivided cell is utilized to treat 500 
mL wastewater. The utilized anode and cathode are Pt 
wire and PAN based-ACF with exposure surface area 
of 63 cm2 for cathode. The applied current density is 
0.8-4.8 mA cm-2. The operational temperature is in the 
range of 20 to 40 ͦ C. Also the pH is varied in the range 
of 2 to 5. The initial dissolved iron concentration is 18-
147 mg L-1. 
77%  COD removal efficiency is 
achieved once 20 °C is obtained as 
operating temperature. COD removal 
percentage decreased from 75.2% to 
68.1% as the temperature increased from 





A glass reactor with the volume of 500 mL is 
configured with the same type of material for anode 
and cathode which is iron and the distance between 
electrode is equal to 6 cm. Effective working 
area of electrodes was 45cm2. The contents were 
stirred using a magnetic stirrer and pH was 
maintained at 3, 5, and 7.2. H2O2 range used: 840– 
5010 mg/L and current used: 0.35–1.5A 
 
 
The COD removal obtained at pH 3 and 
at neutral pH was 70% and 60%, 
respectively. Throughout this process 
energy demand was 3.8kWh/g COD 
removal. The results presented 100% 
sulfide removal in 10 min 
[2-127] 
 
Photo electro-Fenton (PEF) or solar photo electro-Fenton (SPEF) also showed influential results 
with respect to removal efficiency of hardly degradable pollutants in experimental bench scale. 
However, due to challenges in upscaling cost and design, it is not obtained as governing method 
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in this study. The use of artificial lamps in PEF technique is commonly responsible for high 
electrical costs [2-118].  
To briefly describe PEF or SPEF it should be mentioned that the mechanism of the reactions is 
similar to the photo-Fenton process while direct photolysis is employed by ligand-to metal-charge 
transfer extinction of complexes made between ferric and some organics, namely carboxylic acids. 
The described reaction is presented by Eq. 2-39. Eq. 2-39 facilitates the regeneration of ferrous 
ions parallel with the formation of weak oxidizing species such as superoxide anion radical, carbon 
dioxide anion radical, and hydrogen peroxide [2-118]. 
[2-39]  Fe3+ (L)n + hv          Fe2+ (L)n-1 + L.ox 
The intensity and wavelength of artificial lamps determines the mechanism of degradation path 
way of the pollutants. Due to higher wave intensity of solar mechanism (wavelength larger than 
400 nm) higher pollutant degradation is expected to achieve and the cost would be significantly 
reduced.  
The studies relating to the application of PEF process are very limited and most studies are 
associated to the treatment of herbicide [2-48]. However, one of the successful results is obtained by 
Brillas et al. [2-128] for degradation of aniline. A glass reactor is used as electrochemical reactor 
while platinum anode and carbon PTFE cathode is utilized to provide constant current with the 
magnitude of 0.1 A. A 125W mercury lamp with a releasing wavelength of 360nm is used as the 
irradiation source. Fe2+ concentration is maintained at 1mM. The aniline mineralization is 
increased by UV irradiation. The photo-electro-Fenton process allows 92% of TOC removal after 
6 h. Whereas in the electro- Fenton, only 68% of mineralization was achieved. Reaction pathway 
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for aniline mineralization to CO2 involving intermediates was proposed which is illustrated in 
Figure 2-7. 
 
Figure 2- 8 Proposed reaction pathways for mineralization of aniline at pH 3 following photoelectro-
Fenton processes (adopted from Brillas et al. ; 1998) 
 
2-3-9.         Cost comparison of Fenton, ozonation, and conductive-diamond electrochemical 
oxidation (CDEO) 
To date, there is no comprehensive research on the cost estimation of electro-Fenton and photo 
Electro Fenton process and most research conducts a qualitative comparison among different 
methods of AOPs and EAOPs. The most completed comparison is provided by Cañizares et al. [2-
129]. In the mentioned research, the economic feasibilities of three Advanced Oxidation Processes 
(AOPs) have been studied: conductive-diamond electrochemical oxidation (CDEO), ozonation, 
and Fenton oxidation.  
 Only CDEO could achieve complete mineralization of the pollutants for all wastes. A comparison 
with respect to COD mineralization, elimination is provided in Table 2-8. Furthermore, 
comparison of operation cost and capital investment are given in Table 2-9. Based on the 
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comparison, CDEO gives the lowest cost in both operation cost and capital investment except for 
eriochrome black T. Due to the fact that CDEO can be considered as one of the most expensive 
EAOPs, it can be extended that applying electro-Fenton would be an economical approach. 
Consequently, the author employed electro-Fenton as governing approach for two reasons: 1) 
excellent mineralization of organics, 2) economically feasible to assess for upscaling. 
Table 2- 8 Operation cost of CDEO, ozonation, and Fenton process for 85% COD removal [2-129] 
Compound 
Operation cost (€ m-3)   
CDEO Ozonation Fenton 
Butyric acid 11 205 35 
2-Propanol 9 110 71 
4-Chlorophenol 13 114 2 
2-Naphthol 13 72 7 
Eriochrome Black T 35 99 46 
Olive oil 11 181 5 
 




   
CDEO 
15000 € m-2 
CDEO 
8000 € m-2 
Ozonation Fenton 
Butyric acid 23314 18939 123431 16575 
2-Propanol 20564 16772 83986 18184 
4-Chlorophenol 27811 22464 86303 10226 
2-Naphthol 27811 22464 61076 14953 
Eriochrome Black T 104910 81090 70798 15205 




Chapter 3  Methodology 
 
Chapter 3 describes the research road map and strategy (Section 3-1), reactor and experimental 
design (Section 3-2), experimental analysis methods (Section 3-3), and finally electrochemical 
reactions (Section 3-4) to provide a comprehensive view of research methodology. 
3-1. Methodological approach 
 The major objectives of the research were designing and upscaling an Electro-Oxidation fed batch 
reactor to enhance the removal of target pollutants, which are Total Kjeldahl Nitrogen (TKN), 
ammonia (NH3), and organic nitrogen (ON). The feed flow of the reactor (Influent) initially 
consists of 14000 mg/L of TKN, 11000 mg/L of ammonia, and 3000 mg/L of organic nitrogen. 
Table 3-1 demonstrates the characteristics of the studied wastewater.  
Table 3- 1 Characteristics of the industrial wastewater  
Characteristics of the wastewater Value 
Ammonia (NH3) [mg/L] 11000.0 
Total kjeldahl nitrogen (TKN) [mg/L] 14000.0 
Organic nitrogen (ON) [mg/L] 3000.0 
Nitrate (NO3-) [mg/L] 485.0 
Nitrite (NO2-) [mg/L] 34.0 
Total nitrogen (TN) [mg/L] 14500.0 
Sulfate (SO42-) [mg/L] 4190.0 
Ferrous (Fe2+) [mg/L] 2760.0 
Total suspended solids [g] 14.3 
pH 6.8 
Conductivity [mS/cm] 62.0 
Oxidation reduction potential (ORP) [mV] -10.7 
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No dilution factor is also implemented for the described influent. Determining objectives are 
considered as: a) defining apposite operating conditions, b) experimental investigating of 
upscaling parameters in three distinct reactor scales (small, medium, and large lab scales as 0.5 L, 
2.2 L, and 5.8 L, respectively), c) reducing exposure time for one day and d) Validating an 
innovative electro Fenton sequential batch reactor (EF-SBR) for medium and large lab scales. Four 
distinct phases are investigated, and each of them consists of the three major categories (reactor 
design, matrix, and interrelated matrix and reactor design parameters). The four phases of the 
research are illustrated in Figure 3-1 and listed as follows: 
• Phase 1 - Experimental parametric study of a small scale electrokinetic batch reactor 
• Phase 2 - Experimental parametric study of a medium scale electrokinetic batch reactor 
• Phase 3 - Experimental parametric study of a large scale electrokinetic batch reactor 
• Phase 4 - Experimental parametric study of an electro-Fenton-sequential batch reactor (EF-
SBR)  
Phase 1 operating volume is 0.5 L which is called small scale. In addition, the defined stages 
mainly investigate all primary impacts related to the pollutant removal efficiency. Fig 3-2 
illustrates the milestones of first phase stages. Phase 1 is one of the most important phases of study 
dealing with all preliminary and primary aspects which are related to reactor configuration and 
electrochemical reactions. Furthermore, it emerges as the first step of upscaling by using asmall 
scale reactor with 0.5 L volume. The first phase of study delves into seven different stages that are 
classified in the following order: 




- Matrix parameters (Stage 1-2: Impact of time intervals of adding hydrogen peroxide; Stage 1-3: 
Impact of pretreatment of the present sulfate in the influent; Stage 1-4: Impact of adding Fenton 
agent) 
-Interrelated reactor design and matrix parameters (Stage 1-5: Impact of current density variation; 
Stage 1-6: Impact of continuous airflow diffusion) 
 The second phase of study is proposed based on the Phase 1 results and conclusions. Therefore, 
the main approach is avoiding the previous phase failure scenarios and defining new stages for 
Phase 2. Fig 3-3 illustrates the research strategy of the second phase stages. The main purpose of 
the second phase is investigating the parameters influence on the effluent quality in order to find 
an optimal experimental upscaling pattern. All experiments run in the fixed 2.2 L volume reactors 
defined as a medium scale. The second phase of study follows the same classification (Reactor 
design, interrelated reactor design and matrix parameters) and it consists of the following four 
stages: 
- Reactor design parameters (Stage 2-1: Impact of anode to cathode surface area ratio; Stage 2-2: 
Impact of a distance between electrodes) 
- Interrelated reactor design and matrix parameters (Stage 2-3: Impact of current density variation; 
Stage 2-4: Impact of continuous airflow diffusion) 
 The third phase of the research follows the aim of the Phase 2 which is determining an optimal 
experimental upscaling trend while the main purpose is finding the suitable operating conditions 
utilizing EF-SBR. The exposure volume of wastewater is 5.8 L which is considered as a large scale 




- Reactor design parameters (Stage 3-1: Impact of electrode configuration) 
- Matrix parameters (Stage 3-2: Impact of hydrogen peroxide purity; Stage 3-3: Impact of 
hydrogen peroxide molar ratio) 
 The fourth phase of study is contributed with novel utilization of electro-Fenton sequential batch 
reactor (EF-SBR) at both medium and large scales. Sequential batch reactor (SBR) is widely 
known because of its efficiency in aerobic biological wastewater treatment [3-1]. At the end of each 
cycles of the process, specified volume of the effluent (usually less than 30%) is maintained in the 
reactor and the remained volume is substituted with influent (untreated wastewater). Combination 
of electro Fenton and SBR is mainly investigated in the fourth phase and the major aims are 
considered as optimizing experimental upscaling pattern, reducing reaction exposure time, and 
enhancement of energy consumption. Fig 3-4b illustrates the pertinent research plan for the fourth 
phase’s stages.  The fourth phase determined stages are the same in both medium and large scale 
EF-SBR, and they are listed as followed: 
- Matrix parameters (Stage 4-1: Impact of hydrogen peroxide purity) 
- Interrelated reactor design and matrix parameters (Stage 4-2: Impact of EF-SBR cycles) 
3-2. Experimental configuration and reactor design  
 The research strategy stages, which belong to reactor design or interrelated reactor design and 
experimental configuration categories, require specific experimental configuration and reactor 
design. Therefore, attaining research objectives specifically finding experimental upscaling trend 
is severely depended on apposite experimental setup configuration and design. Except for one of 
the Phase 1 experiments, all remaining experiments were run in the cuboid reactor. In addition, the 























Figure 3- 4 b) Research flowchart for Phase 4: EF-SBR which consider matrix and interrelated parameters 
in both medium and large scale 
 
3-2-1. Reactor and experimental design of Phase 1 
Thirty-three experiments were run to investigate the impact of the small scale associated 
parameters (discussed in Fig.3-1) and 24 of the mentioned experiments are described in Section 3-
2-1 to find a trend for process upscaling. Two reactor designs have been obtained for Phase 1 to 
investigate the response of the electrokinetic system while considering the constant initial volume 
as 0.5 L for running. The schemes of cuboid reactors are demonstrated in Fig 3.5a (all phase 1 
stages), the scheme of the cylindrical reactor is also illustrated in Fig 3.5b (Stage 1-1). 
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The two cuboid batch reactors differ from each other with respect to the oxidizing agent input. 
Consequently, the first reactor has an uptake fed manual system for introducing hydrogen peroxide 
discretely in defined time intervals whereas the second reactor has side extension for air input. The 
cylindrical batch reactor is a PVC fabrication cell in which the anode is fixed centrally while the 
cathode is covered the internal side surface of the cylinder.  
The constant direct current is applied. Both current and voltage are measured with multimeter 
built-in DC power supply Abra AB-5300-1 and the recorded error is ± 0.001A (±1mA). The 
distance between electrodes are maintained on 5cm in all small-scale experiments. 
Based on previous research [1-13], the best removal efficiency was achieved by using graphite as 
the anode and stainless steel as the cathode for the same studied type of influent. Therefore, the 
same type of electrodes is used in this research and graphite is selected as anode’s material and 
stainless steel is chosen for being cathode. 
The objectives of the Stage 1-1 that are experimentally studied are: a) impact of anode to cathode 
surface area ratio and dimensions b) impact of using different geometries of cathode (e.g. flat, 
mesh and perforated stainless steel), and c) impact of the geometry of the reactor and position of 
the anode.  
It should be mentioned that the time interval of adding hydrogen peroxide is fixed at 24 hours for 
all experiments of Stage 1-1. To investigate the first objective of Stage 1-1, the surface area of the 
cathode (mesh stainless steel) is fixed at constant value of 25 cm2 while the anode surface area is 
changed in each experiment, and its values are in the range of 10.35 up to 86.25 cm2. In addition, 
all experiments have been run in the cuboid batch reactor. The logics underlie the selection of 
constant surface area of cathode are associated with one main considerations which is analyzing 
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the experimental results while the number of variables are reduced (Tab. 3-2). Moreover, a 
dimensionless number is defined in order to follow the influence of dimensions of electrodes as 
well as the anode to cathode surface ratio simultaneously. The mentioned dimensionless number 






⁄ ) , which is called “Dimensional Quotient”. The experimental design of the first objective 
is described in Table 3-2 considering all associated aspects of the reactor configuration. 
The second objective of the Stage 1-1 is defining an impact of the cathode perforation (circular 
perforation, square mesh, and no void space) on the removal efficiency of the pollutants (e.g. 
ammonia, TKN and organic nitrogen). The dimensional quotient is selected stand on optimum 
achieved anode to cathode surface area ratio (Stage 1-1; 1st objective). The same flat graphite sheet 
with the thickness of 0.5 cm is utilized for the whole second objective experiments while three 
distinct types of cathode with the same alloy metallurgy (stainless steel) are used for each distinct 
experiment respectively. The three types are a perforated sheet (38.8% void space), a mesh 
stainless steel (68.25% void space), and a flat sheet (no void space). The experimental design of 
the second objective is explained in Table 3-3 providing all required details and operating 
conditions. 
The last objective of Stage 1-1 is contributed with the geometry of the reactor. Two different batch 
reactors: cylindrical and cuboid are designed to investigate an impact of the anode position and 
array of the electrical field while all operating conditions for both reactors are the same. According 
to Figure 3.5b and described configuration for cylindrical batch reactor (Section 3.2.1), the 
graphite anode is placed in the center and stainless steel cathode is covered the inner surface area 
of the cell. The promising current density (resulted from primary current density study) for cuboid 
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batch reactor is also applied to make the results comparable to rectangular batch reactor 






Figure3-5 a1) Schematic of the small scale reactor with hydrogen peroxide input; a2) Schematic of small 




Figure 3- 5 b) Schematic of small scale cylindrical reactor considering associated electro-Fenton reactions 
 
Table 3- 2 Experimental design and operating conditions of the Phase 1, Stage 1-1, 1st objective using 










































14 17.85 0.71 4.41 
15 30.45 1.22 2.59 
16 38.85 1.55 2.03 
17 50.40 2.02 1.56 
1 57.75 2.31 1.31 
18 70.35 2.81 1.12 








Table 3- 3 Experimental design and operating conditions of the Phase 1, Stage 1-1, 2nd objective; impact 

























































Table 3- 4 Experimental design and operating conditions of the Phase 1, Stage 1-1, 3rd objective; impact 




































22.00 208.9 0.11 2.30 N/A 
72.00 
13 
Mesh    
(68.25%) 
9.45 25 0.38 N/A 8.33 
 
The second stage of the Phase 1 is placed in matrix parameters category. Hydrogen peroxide which 
acts as an oxidizing agent, provides hydroxyl radicals in order to oxidize the pollutants and 
transmute them to easily degradable products. Therefore, the demands of finding the proper time 
interval of adding hydrogen peroxide come into consideration. Two sets of experiments have been 
determined. The logic of experimental design is based on the best achieved current density in 
primary experiments, and the surface area is set with respect to the mentioned current density 
experimental operating conditions (57.75 cm2 for CD equal to 33.33 mA/cm2.) The dimensional 
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quotient is considered as one to observe the intensity of the dimensional quotient in compared with 
the anode to cathode surface ratio. Three different experiments are considered with the same 
surface area of anode in order to prove the efficiency of time intervals for adding hydrogen 
peroxide in moderate values of the pollutant removal efficiencies which are achieved in Stage 1-
1, 1st objective. The reason of choosing moderate experimental condition is providing the worst 
possible scenario to eliminate other possible enhancement and allocate significant consideration 
on the time intervals of adding hydrogen peroxide effectiveness. The experiments are designed 
considering the anode surface area as 57.75 cm2. In addition, three distinct time intervals of adding 
hydrogen peroxide are implemented such as 24, 12, and 6 hours, respectively. Also, the same type 
of cathode is utilized (mesh stainless steel with 68.25% void space) with the same dimensional 
quotient (DQ=1). The experimental design parameters for Stage 1-2 are described in Table 3-5. 
Table 3- 5 Experimental design and operating conditions of the Phase 1, Stage 1-2; impact of time 























































The second matrix parameter of the first phase is associated with impact of pretreatment of the 
present sulfate in the influent, Stage 1-3. Two different molar ratios of barium hydroxide (Ba 
(OH)2) to volume of the influent are introduced to the system by pretreating the influent for 
removing sulfate (See Tab. 3-1). The two mentioned molar ratios are 1:1 and 2:1 respectively. 
Moreover, the best experimental operating condition regarding promising attained removal 
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efficiency of the pollutant (Exp. 19) is utilized in two experiments and the results are compared 
with the pointed reference experiment (Exp. 19). The final remaining concentrations of sulfate are 
analyzed [3-2] and the results indicate the presence of 365 mg/L sulfate for 1/1 molar ratio and 169 
mg/L sulfate for 2/1 molar ratio, respectively. In addition, all experiments are operated with the 
same surface area of anode (78.75 cm2) while the dimensional quotient is set as 1 and the same 
cathode type (mesh stainless steel with 68.25 % void space) is utilized. The operating conditions 
and associated experimental design parameters are explained in Tab 3.5. The time interval of 
adding hydrogen peroxide is fixed at 24 hours and the distance between electrodes is fixed at 5 cm 
while the current density is 33.33 mA/cm2. 
Table 3- 6 Experimental design and operating conditions of the Phase 1, Stage 1-3; impact of 



















































20 1/1 6.88 
21 2/1 13.76 
 
 The last matrix parameter is the impact of adding the Fenton agent, Stage 1-4. Due to the presence 
of a relatively high concentration of ferrous ions in the influent (4190 mg/L Fe2+), no Fenton agent 
is added to the process in previous experiments; while, the approach of the Stage 1-4 showed the 
combined effect of adding Fenton and hydrogen peroxide. In addition, applied Fenton agent is in 
the form of ferrous sulfate (FeSO4). The optimal molar ratio of added ferrous ions to hydrogen 




The best experimental design is related to Exp.19 in which all reactor design parameters of the 
first phase demonstrate the best interaction expected effects. The Fenton agent (ferrous sulfate) is 
mixed with the influent by mixing with a magnetic stirrer at room temperature (20 ºC) and it is 
added for one time before the experimental run is started. In contrast, the hydrogen peroxide is 
added daily (each 24 hours). 
The current density and distance between electrodes are fixed at 33.33 mA/cm2 and 5 cm 
respectively. In addition, the same cathode type of mesh stainless steel (68.25 % void space) is 
used for both Exp.19 and Exp.37. The experimental design and operating conditions of the Stage 
1-4 is described in Table 3-7.  









































 37 0.05/1 3.01 
 
Stage 1-5, impact of current density variation is placed in the interrelated reactor design and matrix 
parameters. It is crucial to mention that all previous described experiments in section 3-2-1 have 
been determined based on the optimal results for current density which is achieved in Stage 1-5.  
  The main approach is considering the same surface area of anode and cathode while the current 
density is varied among four distinct values to set the optimal one for further experimental design. 
The four values are 33.33, 37.70, 22.22, and 27.77 mA/cm2, respectively. The logic underlies 
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selecting the mentioned values for the current density follows the research on the electrochemical 
treatment of the leather industry wastewater with the relatively similar pollutants [3-3]. The initial 
concentration of TKN and ammonia in the cited research are 180 mg/L and 30 mg/L respectively. 
The mentioned values are around 78 and 367 times lower than the concentration of TKN and 
ammonia of influent which is studied in this research. The improvement of TKN removal 
efficiency is observed while the applied current density is 20 mA/cm2, and the optimal removal 
efficiency is achieved in 50 mA/cm2 [3-3]. Therefore, four values were selected in 20 to 50 mA/cm2 
ranges considering also the limitation of equipment and energy consumption costs. The exposure 
surface area of anode and cathode are considered as constant values while the current density was 
varied among four different numbers. The details of experimental design and specifications of 
stage 1-5 are described in Table 3-8. 
































57.75 25 2.31 
1.92 
1.31 72 
2 37.7 2.17 
3 22.22 1.28 
4 27.77 1.60 
 
  The air diffusion introduces the oxygen to the reaction to act as an oxidizing agent. Stage 1-6 is 
the last stage of the small scale which fits in the interrelated reactor design and matrix parameters. 
The previous research on the same wastewater proved that using air diffusion does not improve 
the removal efficiency [1-13]. However, the anode type of the above cited thesis was platinum and 
there was no experimental result on implementing air diffusion while the anode type is graphite. 
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Two different air flowrate which has been classified as high (152.6 mL/min) and low rate (83.4 
mL/min.) are diffused from a perforated plastic pipe. The array of the holes is distributed on the 
top side of the pipe (ID 8 in and OD 16 in) while they have been placed in two parallel line with 
the 0.5 cm distance from the downward hole and the hole diameter of 1 mm. In addition, the phase 
angle of each hole is π radians. The surface area of anode has been chosen based on the optimal 
current density (33.33 mA/cm2). The corresponded surface exposure area of anode is 57.75 cm2 
and the cathode one is 25 cm2. The experimental design parameters of Stage 1-6 are described in 
Table 3-9. 































33.33 57.75 25 2.31 
N/A 
1.31 72 7 152.6 
10 83.4 
 
3-2-2.  Reactor and experimental design of Phase 2 
The medium scale experiments in Phase 2 are classified in to two main subcategories such as i) 
reactor design; ii) relationship between reactor design and matrix parameters. The exposure 
volume of the designed reactor for medium scale runs (Figure 3-6) is 2.2 L. In addition, time 




Figure 3- 6 Schematic of medium scale electrokinetic cell with 2.2 L volume 
The first subcategory of study of reactor design parameters, involves two stages and both have 
been investigated in an integrated experimental configuration. The first stage, Stage 2-1, is mainly 
discussed about the impact of anode to cathode surface area ratio and the geometry of the 
electrodes. Preliminary experiments of the medium scale, proves that using mesh stainless steel as 
a cathode material would not be suitable. The reason is related to upscaling the reactor dimensions, 
which provide a higher surface area of anode. As a result, the product of current density and surface 
area of anode will lead to achieve higher applied current. The mesh stainless steel cathode could 
not stand the higher DC current due to significant amount of corrosion. Therefore, the alternative 
electrode would be stainless steel plate. As a result, the determined dimensionless number of 
“Dimensional Quotient” which have been discussed in Section 3-2-1, come into consideration. 
The fact that the best results are achieved with DQ=1 in small scale, leads the research to involve 
the higher exposure area by using graphite rods with the diameter of 2.54 cm (Exp.28) to keep the 
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DQ constant and investigate the impact of higher surface area ratio. Graphite plate is applied for 
anode in the second experiment (Exp.42). Due to the fact that dissimilar gravity forces may result 
because of different masses for both graphite rods and graphite plate, the height of exposure will 
be differed. Therefore, different exposure surface areas of cathodes are also expected. The 
experimental design and the specification of experiments are explained in Table 3-8. 
Stage 2-2 is also categorized as reactor design parameters in which the “distance between 
electrodes” have been discussed. The reason is using carbon rods as the anode (Exp.28) increases 
the thickness of the anode, while a distance between electrodes is affected. However, the 
mentioned influence has been considered in the design and the width of the reactor is 7.54 cm 
which fixed the distance between electrodes on 5 cm value (the optimal distance between 
electrodes of the small scale study). The second experiment (Exp.42) that is also regarded as Stage 
2-1 experiments, is using a graphite plate as anode. The thickness of utilized graphite plate is 1.27 
cm (1 2⁄  in). As a result, the distance between electrodes would be 6.27 cm. The variation of the 
distance is considered to determine different current density. The mentioned scenario will be 
discussed in Stage 2-3.  Since both Stage 2-1 and Stage 2-2 objectives have been investigated by 
the same experimental design, the specifications and details of the relevant experiments for both 
stages are described in Table 3-10. 
Table 3- 10 Experimental design and operating Conditions of the Phase 2, Stage 2-1 and 2-2; impact of 






























28 5 21.37 490.75 315.18 1.56 
1 72 




 The impact of current density variation, Stage 2-3, fits to the interrelated reactor design and matrix 
parameters subcategory. Three values have been set for current density. The first value is attributed 
to Exp,28 which is 21.37 mA/cm2. The logic beyond selecting the mentioned value is related to 
reverse search techniques in which the new optimal value will be set based on neighbor counter [3-
4]. The Stage 2-3 experimental configuration is adapted from the cited article. The previous small 
scale optimal current density is 33.33 mA/cm2. The trend is considering a plate with the same 
height and width like the six carbon rods, calculating the tantamount surface area and finding the 
compensate applied current amperage based on 33.33 mA/cm2. The current will be set as the 
calculated value. Thereafter, the new current density will be calculated based on the real surface 
area of six carbon rods. The resultant value will be the true current density and the amount is 21.37 
mA/cm2. The achieved removal efficiency shows significant improvement that proves the validity 
of experimental design logic. The second attempt is trying to reduce the current density in order to 
minimize the energy consumption as much as possible. Therefore, the similar approach is applied, 
however the input current density is set as the optimal value of current density gained in Exp.28 
(21.37 mA/cm2). The applied current will be 6.73 A. Therefore, the calculated true current density 
for actual surface area of six carbon rods with diameter of 2.54 cm (1 in) would be 13.72 mA/cm2. 
The last related experiment (Exp.42) in which the optimal current density of small scale (33.33 
mA/cm2) is applied, is associated with using graphite plate at a thickness of 1.27 cm (1 2⁄  in). Since 
two parameters (distance between electrodes and current density) are changed at the same time, 
investigating the impacts of both parameters becomes complex. According to sensitivity analysis 
of distance between electrode that has been done in previous research on the same wastewater 
utilizing similar electrodes [1-13], the removal efficiency of TKN decreased once the distance 
exceeds more than 5 cm. Therefore, the increase in distance between electrodes would be expected 
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to cause negative influence on removal efficiency. The experimental configuration of the Stage 2-
3, the impact of current density variation, are described in Table 3-11 




































72 41 13.72 6.73 
42 33.33 358.75 358.75 1 11.96 
 
 The last stage of the medium scale experiment which is classified as interrelated design and matrix 
parameters, is the impact of continuous airflow diffusion. The experimental design of the best 
achieved removal efficiency (Exp.28) is considered for Exp.38. The installed air diffuser provides 
air bubbles with the flowrate of 4416 ml/min and no hydrogen peroxide is added. The experimental 
design and configuration of the Stage 2-4, the impact of continuous airflow diffusion, are described 
in Table 3-12. 
Table 3- 12 Experimental design and operating conditions of the Phase 2, Stage 2-4; impact of continuous 








































3-2-3.  Reactor and Experimental Design of Phase Three 
 The large scale experiments are mainly focused on Phase 4, sequential batch reactor (SBR) rather 
than conventional batch one (Phase 3). Considering a sharp border between conventional large 
scale experiments and SBR large scale experiment is also complex in this research. However, 
primary experiments can be classified as conventional large scale experiments which will be 
discussed in Section 3-2-3. In addition, the first SBR cycle of the commensurate experiments of 
the Phase 4 can be considered as a comparison of results for Phase 3 experiments. The electrode 
configuration is illustrated in Figure 3-7 in which two graphite plate are utilized as anode and the 
sidewall anode has 1.27 cm (1 2⁄  in) thickness and the middle one thickness.is 1.59 cm (
5
8⁄  in). 
Two stainless steel plates are placed at a determined distance (5 or 7.5 cm) from the anode. Due 
to the fact that the middle electrode is fully exposed to the influent, the involved surface area is 
considered as the summation of two exposed front sides surface areas (height*width) and the 
exposed edge surface areas (thickness*height). As a fixed matrix parameter, the hydrogen peroxide 
adding time interval is 12 hours in all large and EF-SBR large scale experiments. Finally, due to 
the optimal achieved value for current density in medium scale experiments, 21.37 mA/cm2, is 
fixed as the current density in all large and EF-SBR large scale experiments. 
 The optimal dimensional quotient (DQ) is achieved in both small and medium scale experimental 
investigation once it is set as one. The distance among electrodes, (Stage 3-1) is the only parameter 
which is investigated as the reactor design parameter for the large scale experiments. Two different 
distances among electrodes were considered. The first obtained distance is 7.5 cm for 6.4 L influent 
and the second one is 5cm for 5.8 L influent. 
 A different acquisition of the initial influent volume may cause inaccuracy for the comparative 
study. However, three regions of study are expected in each reactor which will appease the 
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intensity of influence in the final remained pollutant concentration. It means that the 600 mL extra 
volume is divided in three regions when 5.8 L which is considered as a reference one. Therefore, 
each region will contain extra 200 mL; the resultant volume of each region surges from 1933 to 
2133 mL A safety margin of 5 cm height of vacant space is essentially needed to avoid overflow 
of gaseous and resultant foam production in the first day of the reaction. So, considering the varied 
volume of influent in different electrode configurations is unavoidable. The experimental design 
of Stage 3-1 experiments is described specifically in Table 3-13. 
































305.92;687.36 305.92;305.92 6.84;14.54 1/1; 
2.24/1 
72 
40 5.0 345.60;776.52 345.6;345.60 7.38;16.59 
* NA: Narrow anode; **TA: Thick anode  
 
The impact of hydrogen peroxide purity, Stage 3-2, is categorized as matrix parameters. The 
implemented purities are 30% and 50% respectively. The fact that hydroxyl radicals act as 
oxidizing agent, which predominantly control the oxidation reduction potential, mineralization and 
the rate of oxidation, makes the hydrogen peroxide purity role so vital in understanding the 
mechanism of reactions. The higher purity will strength the influence of hydroxyl radicals and the 
presence of mass unit in each unit of volume (mg/L) will increase in compared with 30% purity 
standard solution. Therefore, investigating the response of the occurred reactions in the system by 
providing higher purity of hydrogen peroxide comes into consideration. The distance between 
electrodes is fixed at 5 cm and the current density is 21.37 mA/cm2. The molar ratio of adding 
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hydrogen peroxide is also fixed at 3.81/1 
H2O2
Fe2+
 to eliminate the influence of its molar ratio variation 
on the experimental results. The present ferrous ions in the raw wastewater is considered as the 
reference moles. It should be mentioned that all the experiments of Stage 3-2 and 3-3 have the 
same initial exposure volume of 5.8 L. The experimental design and specifications of operation of 
Stage 3-2 are described in Table 3-14. 
 
Figure 3- 7 Schematic of large scale electrokinetic cell with 5.8 L volume; the exposure areas of the 
electrodes are from the side of width* height of the exposure 
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  The molar ratio of hydrogen peroxide to the exposure volume is investigated in Stage 3-3. The 
fact that the process upscaling faces the nonlinearity, setting the molar ratio of hydrogen peroxide 
1:1 will not be a practical approach. To make a juxtaposition of applying two different molar ratios 
feasible, two different experiments are designed. The hydrogen Peroxide molar ratio of the first 
experiment (Exp. 36) is set as 3.44:1 ratio and the second one (Exp.40) molar ratio is 1.11/1. The 
distance between electrodes is fixed at 5 cm and the applied current density is 21.37 mA/cm2. The 
time interval of adding hydrogen peroxide and its purity is also set as 12h and 50 % respectively. 
As it is expected for all experiments of large scale phase, the dimensional quotient (DQ) is set as 
1. The specified details of experimental design and operating conditions of Stage 3-3 are described 
in Table 3-15. 
Table 3- 15 Experimental design and operating conditions of Phase 3, Stage 3-3; Impact of hydrogen 
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* NA: Narrow anode**TA: Thick anode 
 
3-2-4.  Reactor and experimental design of Phase 4 
The fourth phase of study is constituted from two subdivisions. The first subdivision is allocated 
for investigation of using the electro-Fenton sequential batch reactor (EF-SBR) at medium scale 
and the second one is contributed to applying EF-SBR at large scale. Conventional SBR is widely 
used for biological treatment of wastewater, dye, and landfill leachate; it might be applicable in 
both aerobic and anaerobic setups.  SBR process consists of five stages: 1. Fill, 2. React, 3. Settle, 
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4. Decant, 5. Idle. No electrokinetic sequential batch reactor was designed so far to my knowledge. 
The proposed process for an electro-Fenton sequential batch reactor consists of several cycles, 
each of them has 3 stages: 1. Fill, 2. React, 3. Decant.  The first cycle of the EF-SBR is designed 
for 72 hours and the remaining cycles (cycle 2 and cycle 3) are defined for 48 hours. Conclusions 
from Phases 1, 2, and 3 with respect to best technological parameters were applied to design the 
EF-SBR in order to remove TKN, ammonia, and organic nitrogen. 
 The 5.8 liters of influent is the exposure volume of the first cycle for large scale and 2.2 L is initial 
volume of the medium scale. After 72 hours, once the first cycle is finished, 75% of volume is 
decanted and 25% of effluent remains in reactor, then, 75% of free space is filled with fresh 
wastewater. It is important to mention that the remained volume in the reactor is calculated based 
on the final cycle 1’s volume, not initial one. In fact, due to liquid to vapor phase exchange which 
takes place during the treatment, makes the remained volume be differ from initial influent one. 
Therefore, if the reference volume is considered as initial influent volume of the large scale EF-
SBR, the remained effluent volume will be varied between 13.2% to 17 %. Thus, it is expected to 
reduce the residence time for one day (24 hours) by keeping a specific volume of effluent for 
initiating the proper reaction condition of the removal of the pollutants. The schematics of the 




Figure 3- 8 Schematic concept of electro Fenton sequential batch reactor (EF-SBR); the reactor is refilled 
after the first 72 hours (end of the first cycle) and the second cycle of SBR is ended after 48 hours 
 
 The electrode configuration and initial experimental design of both medium and large scale EF-
SBR are the same as described in concept designs in Sections 3-2-2 and 3-2-1, respectively. For 
the medium scale, the graphite plate has been used as the anode and the distance between 
electrodes is set as 6.27 cm. 
 The impact of hydrogen peroxide purity, Stage 4-1, is one of the determining concerns which 
directly addresses the appropriate reaction initiating condition. The mentioned parameter is fully 
investigated for both medium and large scale EF-SBR while two distinct purity percentages of 30 
and 50 are considered respectively. Experimental design of the medium scale EF-SBR 
investigating the impact of hydrogen peroxide purity is described in Table 3-16. In addition, the 
full detailed explanation of experimental design of the large scale EF-SBR considering the same 
objective is provided in Table 3-17. It should be mentioned that two cycles of EF-SBR (Exp.45) 
are compared with Exp.42 at medium scale. 
  The last parameter that is experimentally investigated in the Phase 4 is the impact of SBR cycles, 
Stage 4-2. The expected objectives are reducing the time exposure for 24 hours and observing the 
70 
 
removal efficiency enhancement of the reaction in each specific cycle of the SBR. 4 cycles of SBR 
proceeded for the medium scale in which the volume of remaining effluent is varied based on the 
last observed volume prior to the new SBR cycle start point. Also, 3 cycles of SBR were applied 
at large scale. The EF-SBR objectives are expected to result in a significant decline in energy 
consumption as a direct impact of the exposure time decrease. The experimental designs of Stage 
4-2 are completely described in Tables 3-18 and 3-19 for medium and large scales, respectively. 
Table 3- 16 Experimental design and operating conditions of the Phase 4, Stage 4-1; impact of hydrogen 










































45 50 2 
* NA: Narrow anode; **TA: Thick anode 
Table 3- 17 Experimental design and operating conditions of the Phase 4, Stage 4-2; impact of hydrogen 












of  NA* and 

































2 1 72+48 
46 30 








Table 3- 18 Experimental design and operating conditions of the Phase 4, Stage 4-2; impact of SBR 













































* NA: Narrow anode; **TA: Thick anode 
 
Table 3- 19 Experimental design and operating conditions of the Phase 4, Stage 4-2; impact of SBR 
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46* 3 72+48+48 
* NA: Narrow anode; **TA: Thick anode 
 
3-3.  Experimental Analysis Methods 
Due to the high required precision for measuring pollutants concentration, appropriate methods of 
analysis are required. The TKN, ammonia, nitrate, sulfate, and total nitrogen methods of analysis 
are presented in Table 3-20 while the principles of measurement for each specific method are 
described. Measuring pH, oxidation reduction potential (ORP), temperature and conductivity also 
helps to resolve and capture the reactions that have taken place during of the process. The Hach 
CDC40101 IntelliCAL lab conductivity probe was used for conductivity measurement and Hach 
MCT10101 IntelliCAL ORP lab probe for ORP. The temperature and pH are measured with built-
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in ACT probe at the same time in order to minimize the possible error which originated from 
temperature fluctuations.  
Table 3- 20 Analysis methods of measuring pollutant concentration 








Total Kjeldahl Nitrogen (TKN) is the sum of organic 
nitrogen and ammonia. In the simplified TKN method, 
inorganic and organic nitrogen are oxidized to nitrate by 
digestion with peroxodisulfate. The nitrate ions react with 
2,6-dimethylphenol in a solution of sulfuric and 
phosphoric acid to form a nitrophenol. Oxidized forms of 
nitrogen in the original sample (nitrite + nitrate due to 
sample preservation) are determined in the second test vial 











Ammonium ions react at pH 12.6 with hypochlorite ions 
and salicylate ions in the presence of sodium 
nitroprusside as a catalyst to form indophenol. The 
amount of color formed is directly proportional to the 









Nitrate ions in solutions that contains sulfuric and 
phosphoric acids react with 2,6-dimethylphenol to form 
4-nitro-2,6-dimethylphenol. 





Sulfate ions in the sample react with barium chloride in 
aqueous solution and form a precipitate of barium sulfate. 




3-4.  Electrochemical reactions 
The governing process of organic and inorganic pollutants removal of this study is electro-
Fenton/oxidation. Due to the fact that the wastewater of the research contains iron and the system 
provide conditions where iron is in ionic form, the homogenous catalytic reactions are expected to 
take place while the demand of adding Fenton agent is removed from the initial conditions 
required. The kinetics of pollutants removal reactions will be discussed while the diffusion will be 
investigated theoretically.  
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3-4-1.  Electro-Fenton Reactions 
 The Electro-Fenton is an indirect oxidation that generates hydrogen peroxide by the reduction of 
oxygen at electrode surface (Eq.3-1). Then, the oxidizing power is improved by the production of 
OH radicals in bulk solution through Fenton reaction (Eq.3-2). This reaction is catalyzed from the 
electrochemical regeneration of ferrous ions (Eq. 3-3).  
 
[3-1]    O2 + 2 H
+ + 2 e- → H2O2         
[3-2]    Fe2+ + H2O2 → Fe3+ + OH. + OH  
[3-3]    Fe3++ e- → Fe2+  
  
Hydroxyl radicals lead the process to a higher oxidation potential level, and ferric ions are 
produced in the result of potential oxidation increase (Eq. 3-4). Effective destruction of wastewater 
contaminants is due to generation of highly reactive radicals (HO.), a powerful oxidizing agent. 
[3-4]     H2O2+ Fe
2++H+ → HO. + Fe3+ + H2O    
Hydroxyl radicals react with persistent organics and may mineralize into inorganic ions. Electro-
Fenton process removes organic nitrogen (Eq.3-5) [2-118], ammonia (Eq. 3-6 and 3-7) [3-10], and TKN 
(Eq. 3-8) [3-9] in the following equations: 
 
[3-5]     R + OH-   →    CO2 + H2O (or ROH)      
[3-6]    2NH3 +6OH
− →N2 +6H2O+6e−          
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[3-7]    6H2O + 6e
− →3H2 +6OH−      
[3-8]    NH3
+ + O2 + 2e
- + H2O → NO2- +5H+ +4e-    
 
If TKN contains derivatives of amides, Fenton process makes more complex. The amides 
oxidation needs a high oxidation-reduction potential (ORP) to initiate its degradation [3-11]. The 
proposed method of treatment should provide conditions adjusted to amide (or their derivatives) 
degradation. Sun and Pignatello [2-71] showed that Fenton’s reaction can be well applied in acidic 
pH 2.8–3.0.  
3-4-2.  Mass Transfer  
Based on the time dependent (TD) Fickian diffusion, if it is considered that diffusing species k 
passing through a rectangular volume element as it is illustrated in Figure 3-9, the diffusion 
equation would be described as follows [3-12]: 
[3-9]   fk (x) = −Dk
∂ ck (x)
∂x
                                             Inward flux 
[3-10]   fk (x + dx) =  −Dk
∂ ck (x+dx)
∂x
                            Outward flux 
[3-11] ck(x + dx) ≅  ck (x) +  
∂ ck (x)
∂x
 dx                             Tylor theorem expansion for concentration 
[3-12] fk  ≅  fk (x) − fk(x + dx)                                    Fickian Diffusion 
After substitution Eq.3-11 in Eq.3-10, the derived equation for Fickian diffusion equations (Eq.3-
13a, Eq.3-13b) based on Eq.11 would be as follows:  






 ( ck +  
∂ ck (x)
∂x
 dx)}  . 
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So, the one dimensional and three dimensional time dependent Fickian diffusion will have the 













=  −Dk ∇
2ck                                                               3-D  TD Fickian diffusion 
There are three terms which are associated with the fluxes that appeared in the electrochemical 
reactions which are specified in Eq.3-17. The first term is completely derived through above 
equation which is stand for diffusion term. The second term is migration and it appears once 
charged species move under the influence of a gradient in electrochemical potential with a driving 
force F. Finally, the third term is strongly dependent on fluid dynamics associated with parameters 
(like mixing and solution velocity) or emerges in importance once the electrodes are rotating. The 







[3-17a]  f ̅j = −D∇cj −
zj F
RT
Djcj∇φ + cjϑ ̅ = fj,D + fj,M + fj,C  











2cj + Dj  
zjF
RT







Figure 3- 9 Schematic of time dependent Fickian diffusion volume element 
 
 However, it is possible that the diffusion coefficient is time dependent and considering it as 
constant would not be a practical right approach. Due to the fact that diffusion coefficient is 
strongly dependent on kinetics of the reactions, once kinetics become nonlinear, the diffusion 








f k  (x+dx) 
 
dx x 
c k (x) 
x +dx 
c k (x+dx) 
Diffusion Migration Convection 
Diffusion Migration Convection 
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Wu and Berland [3-14] fully described the method of determining time dependent diffusion as “In 
systems where particles or molecules diffuse without restrictions via Brownian dynamics, the 
mean-square displacement (MSD) of the particles in n-dimensional space is proportional to time, 
written as  〈∆r2〉  = 2nDt; where D and t signify the diffusion coefficient and time, respectively. In 
the case of anomalous diffusion, the MSD does not increase linearly with time.  
The fluorescence correlation spectroscopy (FCS) can directly measure the anomalous diffusion 
experimentally. The model which is widely used for FCS anomalous diffusion measuring is 
considering MSD versus time as a power law scaling. The applied model is as follows: 
[3-18] 〈∆r2〉  = Γtα 
Where α is an anomalous exponent and it determines whether the mobility is called anomalous 
subdiffusion (α<1) or superdiffusion (α>1). The constant prefactor Γ is usually considered as 
transport factor and it has the dimensions of length-squared per fractional time. The physical 
properties of diffusive motion are designated by a density distribution function as followed which 
is called propagator,f(ŕ, (t + τ)|r, t). 
 The propagator solves the diffusion equation and specifies the probability that a particle located 
at position r at time t, will be found at position ŕ at time t+τ. For normal Brownian motion, the 
propagator is a Gaussian distribution. In general, the standard diffusion coefficient defined by 
Fick’s law, and the corresponding diffusion equation cannot describe the nonlinear time dependent 
MSD, and there is no simple comparable propagator for anomalous diffusion, although many 
sophisticated approaches have been introduced to model anomalous dynamics. 
A mathematically simplified approach that is commonly used to model anomalous diffusion 
defines a time-dependent diffusion coefficient D(t) based on the partial power-law dependence of 
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the MSD as in Eq. 16. Assuming no spatial heterogeneity in D(t), one can then obtain an extended 




 f(ŕ, (t + τ)|r, t) = D(t)∇2 f(ŕ, (t + τ)|r, t) 
The most accurate physically correct pathway to solve the above equation is determining the 
instantaneous diffusion coefficient defined in terms of the time-dependent slope of MSD versus 
time following  the equation3-20 [3-17]: 









If Eq.3-18 is used for D(t) in Eq.3-17, the anomalous diffusion propagator is easily obtained by 
standard methods, yielding 











The above mentioned equation solves the extended diffusion equation and produces the correct 
power law scaling of MSD versus time (τ), removing widespread confusion regarding whether or 
not this propagator can be used legitimately for data analysis. Furthermore, this exact solution to 
the extended diffusion equation allows precise clarification of the definition of the FCS diffusion 
time and its relation to the anomalous exponent and transport factor. Furthermore, with this exact 
solution, the correct constant factors for diffusion in two (n=2) or three (n=3) dimensions can be 
easily determined.  
 The validity of the propagator is proven; however, it is crucial to investigate its compatibility and 
physical dynamics corresponding for applying FCS. It is required to define an observation volume 
which appropriate representation of the underlying molecular dynamics. In FCS with one- or two-
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photon excitation, the volume profile is typically modeled as a three-dimensional Gaussian 
function of the form as follows:  










With the radial and axial beam waists ω0 and z0, respectively. The index m specifies one (m=1) 
or two-photon (m=2) excitation. The autocorrelation equation for anomalous diffusion is provided 
as follows [3-18],[3-19]. 































The volume and gamma factors are γnDG = 2
−n/2 , V2DG = 2







The structure factor, is defined as x =
z0
ω0
. The variable C specifies the molecular concentration. 
FCS curves and the MSD reports only on low-order properties of the propagator; therefore, as 
noted above, it is unlikely that curve fitting alone will generally be capable of resolving the 
applicability of different physical models. Instead it will be important to measure the anomalous 
dynamics on different length scales or timescales and to couple the analysis of how experimental 
parameters change with predictions from different mechanistic models. With imprecise parameter 
definitions, this type of analysis is not possible, and the clarifications introduced above can be of 
significant importance for future investigations of anomalous dynamics.” 
It is expected that fluxes determination equations (Eq 3-15a to 3-15c) can be simplified by 
considering fair assumptions. The convective term will be negligible in this study due to unstirred 
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experimental condition and batch reactor utilizing. The migration term is the second term which 
is strongly dependent on a limiting molar ionic conductivity of ions in the microscopic scale and 
is also interrelated with the supporting amount of electrolyte in the mesoscale [3-12].” 
 Table 3-21 provides the limiting conductivity of selected multivalent and monovalent ions [3-12]: 
The limiting molar conductivity is determined by considering the resulting molar ionic 
conductivities of anions and cations corresponding to the electrolyte once the current passes 
through it. It can be calculated as follows: 
[3-25] Λm
° =  ν+λ+
° + ν−λ−
°  
Where 𝜈 demonstrates the number of associated electrons (valent) in forming the ionic compound. 
In case the electrolyte is considered as parallel circuit, conductance would be apposite terminology 
to consider for interpretation of the phenomena. Since the total conductance of a circuit of resistors 
in parallel can be easily defined as the sum of the conductance comprising the circuit[3-12]. For 
dilute solutions, each ion transports current in its division of the circuit without interacting with 
the movement of the other ions and the cation’s transport number can be defined as shown in Eq. 
3-26 [3-12]: 










Where 𝜎 is defined as the conductivity (inverse of the resistivity). The majority of current is 
expected to be transported by protons once the target compound consists of hydrogen bonds. Eq.3-
4 manifests one of the determining contributions of H+ in limiting molar conductivity which is 
corresponding with this study (adding hydroxyl agent as oxidizing agent). The reason for limiting 
the ionic molar conductivity of the proton is that the high stems from the proton mobility 
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mechanism is ionic movement by successive jumps, taking with them part of their hydration layer. 
In 1806, de Grotthus proposed a mechanism which considers that “protons move rather in ‘chain 
reactions’, breaking covalent bonds and reforming in their place hydrogen bonds. This transport 
mechanism is also called structural diffusion.” [3-21].. The schematic of structural diffusion 
mechanism is illustrated in Figure 3-10. 
 
Figure 3- 10 Schematic of proton mobility in structural diffusion phenomenon (Adapted from n 
Kornyshev et al;2003) 
 
Considering H3O
+ (oxonium) as proton is significant simplification which affects the physics of 
process. Since isolated proton cannot exist in solution and two different stable complex compounds 
is proposed in aqueous form. The first form is called “Eigen Cation” which consists of an H3O+ 
core strongly hydrogen-bonded to three H2O molecules. Another proposed structure is one where 
a proton is shared by two H2O molecules to form the “Zundel cation” H5O2+. The topic of proton 
mobility is an open debate which is associated with interpretation of the several hydrogen bonds 
[3-12]. 
However, it is not practical to consider the non-diluted wastewater (the scope of the study) as the 
appropriate electrolyte for certain assumptions of limiting molar conductivities which are 
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determined for diluted or in some cases very diluted electrolyte. Therefore, justifying the 
negligence of migration term by considering supporting electrolyte is not acceptable for this study. 
 In a mesoscale point of view, the supporting electrolyte is defined based on IUPAC as “An 
electrolyte solution, whose constituents are not electroactive in the range of applied potentials 
being studied, and whose ionic strength (subsequently, contribution to the conductivity) is usually 
much larger than the concentration of an electroactive substance to be dissolved in it [3-22].  “Due to 
detecting 113 mS/cm conductivity as initial value without applying current, the electrolyte of the 
study is promisingly electroactive. Therefore, supporting electrolyte phenomenon cannot justify 
the negligence of the migration term. 





H+ 349.8 OH- 198.3 
Li+ 38.7 F- 55.4 
Na+ 50.1 Cl- 76.4 
K+ 73.5 Br- 78.1 
Rb+ 77.8 I- 76.4 
Cs+ 77.3 NO3- 71.5 
NH4+ 73.6 ClO4- 67.4 
Me4N+ 44.9 SCN- 66.0 
Mg2+ 106.1 SO42- 160.0 
Ca2+ 119.0 Fe (CN)63- 302.7 
Fe3+ 204.0 Fe (CN)64- 442.0 
 
When current passes through an electrochemical reactor, it must overcome the equilibrium 
potential difference, anode overpotential, cathode overpotential, and ohmic potential drop of the 
solution [3-20]. The anode overpotential includes the activation overpotential and concentration 
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overpotential, as well as the possible passive overpotential caused from the passive film at the 
anode surface, while the cathode overpotential is principally constituted of the activation, and 
concentration overpotential. 
 Investigating the migration term associated mechanisms requires defining major reactions in the 
electrochemical reactor which are a) oxidation reaction at the anode, b) oxidation reactions at the 
anode side, c) reduction reaction at the cathode zone, and d) the hydrolysis reactions. 
a) Oxidation reaction at the anode 
 Gallagher and Fuller [3-24] presented an appropriate kinetics for electrochemical oxidation of 
graphite carbon in acidic environments which can be implemented in our study. The justification 
is explained by the target oxidation processes which is predominantly taken place in low pH (lower 
than pH=3) and it is experimentally observed in this study. Gallagher and Fuller [3-24] considered 
two types of sites on the carbon surface which are illustrated by # and *.  The # sites are the active 
sites for the rate determining step of CO2 formation. In the mentioned sites, the water is reversibly 
adsorbed and initial oxides are formed. The * sites are the location of both CO2 loss and 
simultaneous oxide formation. The reasons for considering two-site assumption are allowing to 
produce an oxide that does not consume sites involved in the rate determining step and proposing 
the gas-phase oxidation of carbon. The first reaction, Eq.27 is the growth of a catalytic oxide 
necessary to represent the CO2 behavior observed in graphitized carbons 
[3-25]. The term of 
“catalytic” refers to constancy of mentioned oxide during CO2 formation. Although initial presence 
of equilibrium surface concentration of the oxide may or may not physically correct but allows for 
semi-empirical approach to modelling the observed reaction. Considering the mentioned 
assumption is valid for non-graphitized carbons and it just provide the condition in which the 
model can be defined [3-24]. 
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[3-27]      C# + H2O → C#OH + H+ + e- 
The actual mechanism of graphite oxidation can be defined as 5 steps reactions (Eq. 3-28a to 3-
28e) which are determined and described as followed: 
[3-28a]   C# + H2O  C# (H2O) ads  
[3-28b]   C# (H2O) ads +C
#OH → C#OC#OH +2H++2e- 
[3-28c]   2C#OC#OH+3C*+3H2O → C*O(C*OOH) 2 + 2C# + 2C#OH + 4H+ + 4e- 
[3-28d] C*O(C*OOH) 2 → C*OOH + C*O+ * +CO2 +H+ + e- 
[3-28e] C*OOH → *+ CO2 +H+ + e- 
The first reaction (Eq. 3-28a) is reversible adsorption of water into the reaction site #, the second 
reaction (Eq. 3-28b) is rate determining step (RDS) because of its slow kinetics. The reason of 
considering the mentioned reaction as RDS is the first order reaction dependence on water partial 
pressure. C#OH is the only surface oxide which is experimentally proved to be in RDS reaction. 
Considering later steps as RDS requires additional oxides and more complicated dependence on 
partial pressure of water. Due to the fact that, there is limiting experimental investigation for the 
existence of intermediate reactants in the literature, they assumed to be negligible in the site 
balance.  
The described mechanism by Gallagher and Fuller [3-24] also considers the sources of current decay 
descriptively. The first source is due to mass loss suffered during the gasification of CO2. The 
experimental measurements based on Brunauer-Emmett-Teller did not show a significant change 
in specific surface area after persistent prolonged oxidation. Due to the fact that the observations 
show CO2 production is proportional to the total sites available, it is not expected to see significant 
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contribution in current decay which is caused by CO2 origin mass loss. It merges its significance 
under conditions of elevated potential and temperature for long times or many cycles. 
The second source of time decay originated from the reversible formation of passive surface oxide 
as presented in Eq.3-29. The observed power-law decay of i =kt -n is interpreted by the oxide, 
C#xO. Based on an ideal system (no other transients are expected to take place) that is presented 
by Gallagher and Fuller [3-24], x is considered as 3 and the CO2 current decaying is investigated at 
n=1/2. The results of the described ideal system show that the oxidation current from the growth 
of this oxide typically dominates the total current at short times. Gallagher and Fuller [3-24] found 
out that 2.6 electrons were required per oxygen atom removed in their system. 
[3-29]  xC# + H2O  C#xO + 2H+ + 2e- 
Based on Gallagher and Fuller [3-24] research, the third and final source of time decay is irreversible 
and results from reduction of the oxidized carbon surface. The three expected reaction which are 
physically followed the chemistry of the phenomena are represented in Eq. 3-30 to Eq.3-32. The 
first equation, Eq.3-30, takes place as a consumption of the catalytic oxide to establish an 
equilibrium concentration on the # sites. It is suggested that the presented reaction is affected by 
the production of another surface oxide. Once the exposure to potentials of 1 V or greater, the Cx
#O  
and C*O will be produced on the carbon surface. Gallagher and Fuller [3-24] proposed that a 
reduction of C*O oxide, Eq.31, is resulted in the formation of specie that further decrease in the 
equilibrium concentration of the catalytic C#O2.  
[3-30]   2C#OH + (x-2) C# +H2O → C#xO3 + 4H+ +4e-  
[3-31]   C#xO +C
*O → C#xO2 + C*  
[3-32]   2C#OH + (x-2) C# + H2O + C
#
xO2 → C#xO3 + C#xO2 +4H+ +4e- 
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 The final electrochemical equation, Eq. 33, which is presented by Gallagher and Fuller [3-24] is the 
redox couple of the quinone/hydroquinone group (Q/HQ). This oxidation reduction reaction is 
prominent in the cyclic voltammetry studies of oxidized graphene-based carbons [3-24],[3-25],[3-26],[3-
27],[3-28]. 
[3-33] C#x(OH)2  C#xO2 + 2H+ + 2e- 
Therefore, it is a fair simplification to analyze migration term based on the last Equation (Eq.3-
33) due to the fact that it governs the process of graphite oxidation. 
b) Oxidation reactions at the anode side 
As it is described in subsection 3-4-1, the anode side reactions are directed to removal of ammonia, 
organic nitrogen, and TKN. The attributed reactions for organic nitrogen (Eq.3-5) [3-10], ammonia 
(Eq. 3-6 and 3-7) [3-10], and TKN (Eq. 3-8) [3-9] removal are described. Except for ammonia, the rest 
of the pollutants are removed by one oxidation reaction. However, ammonia removal is followed 
by two reactions which are oxidation and reduction reactions respectively. Therefore Eq.3-6 can 
be classified as one of the oxidation reactions at the anode side. (Eq.3-5), (Eq.3-6) and (Eq.3-8) 
are expected oxidation reactions at the anode side. 
c)  Reduction reactions at the cathode zone 
 
The hydrogen gas production is one of the main reactions of electrochemical cells. The second 
reaction is allocated to oxygen reduction that leads to production of hydrogen peroxide (Eq.3-1). 
The associated reaction for hydrogen gas production is Eq.3-34. The next reaction (Eq.3-35) which 
is classified as one of the catalyzed reactions is the regeneration of ferrous ions (Fe2+) through the 
reduction of ferric ions (Fe3+) on the cathode [2-119],[3-29]. 
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[3-34] 2H++2e-→ H2 
[3-35] Fe3++e-→ Fe2+ 
    d)     The hydrolysis reactions 
 The associated hydrolysis reactions are related to catalytic assisted hydrogen peroxide hydrolysis 
(Eq.3-4) and graphite active site hydrolysis (Eq.3-29). The hydrolysis mechanism is evaluated by 
Kh which is called the hydrolysis constant. In the other words, it is considered as an equilibrium 
constant for hydrolysis reaction. Finally, the equilibrium potential difference between cathode and 
anode is affected by introduced hydrolysis reactions (Eq.3-36a). The Kh1 is presented in Eq. 3-36b 






∗   while Cj
∗ represents the bulk concentration 
of species j [mol/L]. According to Chen et al.  [3-23], pH does not affect the equilibrium potential. 
The overall associated terms of equilibrium potential are explained in Eq.3-37 and simplified in 
Eq.3-38. 
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Based on Scott [3-20] research and Chen et al. [3-23], the mass transfer which is associated with 
migration term is determined by the Nernst-Plank equation [3-30] for constant diffusion coefficient 
is presented in Eq.3-39 (expanded Eq.17-1) and Eq.3-40 respectively: 
                          Diffusion         Migration       Convection  
















Notations of the Eq [32] and Eq [33] are as follows:   
Jj(x)   flux of species j at distance x, mol/m
2s 
Cj(x) concentration of species j at distance x, mol/l 
R       gas constant, J/mol K  
F       Faraday Constant, C/mol 
zj       charge number of species j 
Dj      diffusion of coefficient of species j, m
2/s 
υ(x)  convective velocity of water flow in the current direction at distance x, m/s 
φ(x)  potential at distance x, V 
uj         mobility of species j, m
2/V s 
The total current is calculated by Eq.3-41 [3-23] while considering all ions existing in the wastewater. 
Once Eq.3-42 is expanded by importing Eq.3-40, the new driven equation is generated as Eq.3-42. 
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The migration term can be considered as number of species multiplied by current density, 
Therefore Eq. 3-43 is introduced while “tjj” is represented as equivalent of migration term in Eq. 
3-40.  
[3-41]  j = F ∑ zjJj 







[3-43]  j =  ∑{zjF[ − D
∂Cj(x)
∂x
+ Cj(x)υ(x)] + tjj] 
tj    transport number of species j 
j    current density, A/m2 
As it is described in subsection 3-4-2, nonlinear change of the kinetics of the reactions leads the 
process to face time-dependent diffusion. Experimental and theoretical determination of time-
dependent diffusion is also described. However, considering the time-dependent diffusion in 
diffusion-migration electrochemical system is still an open debate. Valuable research of Bieniasz 
[3-31] leads the determination of time-dependent diffusion be facile by considering fair 
simplification while using 1D dynamically adaptive grid techniques for the solution of 
electrochemical kinetic equations. The mentioned simplification is introduced because of occurred 
discontinuity of model parameters at the membrane/electrolyte interference, which prevents the 
meaningful application of finite-difference spatial discretisation. 
In order to solve this problem, the discontinuities of the diffusion coefficients and of the fixed 
spatial charge distribution have been approximated by continuous functions dA (x), dC (x), and 




[3-44] H (x) =  {
0 for x ≤ 0
1 for x > 0
 
is approximated by the “smoothed” step function (Eq 3-45): 
[3-45] H∗(x, σ) = [1 + tanh(x σ⁄ )]/2  
Where 𝜎 is a positive parameter. When 𝜎 is sufficiently small, solution of the problem formulated 
using function H∗(x, σ) in the place of (𝑥) , approximates well the solution corresponding to H(x). 
Table 3-22 is adopted from Moya and Horno [3-32] model while introducing the simplification and 














Table 3- 22 Initial boundary value problem describing chronopotentiometry for an electrolyte| membrane | 
electrolyte system (Bieniasz;2003) 
Model Parameters                                                         zA, zC= charge numbers 
 dAS, dAM, dCS, dCM= dimensionless diffusion coefficients 
 ε = dimensionless dielectric permittivity  
 ∆ = membrane thickness 





Distributions of diffusion coefficients  
σ= parameter of the smoothed unit step function H∗(x, σ) 
tstep= current pulse duration 
istep=current pulse amplitude 
dA(x) = dAS + (dAM − dAS)[H
∗(x, σ) − H∗(x − ∆, σ)]  
 dC(x) = dCS + (dCM − dCS)[H
∗(x, σ) − H∗(x − ∆, σ)]  
Fixed charge distribution  







χ(x) = χ0[H∗(x, σ) − H∗(x − ∆, σ)] 
i(t) =  istep[H(t) − H(tstep )] 
cA(x, t) = cc(x, t)= concentrations 


































0 =  
ε ∂2φ(x,t)
∂x2
+ zAcA(x, t) + zCcC(x, t) − χ(x)  
 
















cA(x, tmin) = c
0[H(−x) − H(x − ∆)]   
cC(x, tmin) = {χ
0 − (zAc
0 + χ0)[H(−x) − H(x − ∆)]  
φ(x, tmin) = 0 (arbitrary value) 
cA(xmin, t) = c
0 
 
cC(xmin , t) = − (
zA
zC


















cA(xmax, t) = c
0 




φ(xmax, t) = 0 (arbitrary value) 
 







 3-4-3.  Kinetics  
 The determination of kinetics order is achieved by finding the trends of substrate concentration 
variation versus time. The expected trends are zeroth order, first order, pseudo first order, and 
second order. Fogler (2016) considers method of excess, integral method, differential method of 
analysis, and nonlinear regression to investigate the order of kinetics based on experimental data. 
[3-33] 
The logic beyond obtaining the differential method of analysis is the different kinetics behavior of 
ammonia and organic nitrogen oxidation in the presence of different organic compounds. Usually, 
the kinetics of the oxidation reactions between organic compounds and oxidants (HClO, H2O2, 
H2S2O8) is considered to be second order: i.e., first order with respect to the concentration of the 
electro-generated oxidants ([Ox]) and first order with respect to the concentration of the organic 
compounds (COD)[3-34]. However, Li and Liu [3-35] claim that ammonia oxidation follows zeroth 
order or pseudo zeroth order reaction in the presence of chloride. Therefore, considering research 
reviews as reference to determine an order of the reactions would not be an appropriate approach.  
One of the assumptions of using an integral method is assuring that the order of the reaction is 
known. Its application is mostly desired for investigating specific reaction rate constant at different 
temperatures to determine the activation energy. [3-33] Therefore, an integral method is not 
applicable in the condition of high uncertainty. 
This research is focused on determination of kinetics order by implementing finite difference for 
differential method of analysis. In the differential method, the reaction order, α, is obtained by 
plotting of ln (−
dCA
dt
) versus ln(CA).  The general equation and the neutral logarithmic form of it 
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are described in Eq.3-46a and Eq.3-46b considering a batch reactor with concentration of A while 









) = ln kA + α ln CA 
The graphical pathway of determining kA (rate constant with respect to A) and α is illustrated in 
Figure 3-11. “a” will be calculated based on the slope of linear regression line while kA is obtained 
by dividing the desired value of the selected concentration derivative to the concentration of the 
desired point in the power of the reaction order. All described values are considered from the ln-
ln graph. [3-33] 
In order to apply the finite difference method, it is essential to define the numerical differential 
equation for the initial, interior and last point. Fogler determine the derivatives by using Eq. 47a, 
Eq.47b, and Eq.47c respectively. Table 3-23 is provided the required equations to determine 
numerically the concentration derivatives values. [3-33] 
 
 
Figure 3- 11 The graphical determination of rate constant of the substrate A and the order of the reaction 




Table 3- 23 The finite difference equations applied for determining the concentration derivatives values 
versus time in initial, interior, and last point locations 









































The described experimental plan for experimental upscaling would be followed in Chapter 4 to 
observe the variations of monitoring parameters (e.g. voltage, pH, ORP, conductivity, and 
temperature) and analyze the responds of objective parameters (removal efficiency values of 
ammonia, TKN, total nitrogen, and organic nitrogen, respectively). EF-SBR would be designed 












Chapter 4 Results and Discussion 
 
4-1. Phase 1 results and discussion 
 
4-1-1. Stage 1-1 analysis  
 
 The first phase of study (small scale) consists of 6 distinctive stages which are described in 
Chapter 3, Methodology. The experimental parametric study of small scale electrochemical batch 
reactor requires specified quantitative parameters to assess a better understanding of the process 
mechanism. The monitored parameters are voltage, pH, conductivity, oxidation-reduction 
potential (ORP), and temperature. Removal efficiency of ammonia, TKN, organic nitrogen (ON), 
and total nitrogen (TN) are also an objective of the parametric study. Since the first stage of Phase 
1 includes 3 distinct objectives (Section 3-2-1), each objective will be investigated individually. 
The changes of voltage, pH, conductivity, oxidation-reduction potential (ORP) and temperature 
for the entire process in a small scale of the first objective of Stage 1-1 are illustrated in Figure 4-
1a, Figure 4-1b, Figure 4-1c, Figure 4-1d and Figure 4-1e, respectively. 
Figure 4-2a, Figure 4-2b, Figure 4-2c and, Figure 4-3d show the removal efficiency of ammonia, 
TKN, organic nitrogen, and total nitrogen, respectively. 
 Figure 4-1a illustrates that an impact of the anode to cathode surface area ratio (A:C). In the other 
words, dimensional quotient (DQ) on voltage variation follows certain trend which is the increase 
of endpoint voltage of each experiment in comparison with the previous experiment endpoint. Due 
to the higher surface area of anode, higher initial current will be achieved, and it might affect 
electrolysis of water.  
The investigation of the impact of the A:C on pH through entire exposure time requires grouped 
and individual analyses. Following a group analysis, a sharp drop is expected after 24 hour for all 
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experiments. However, experiments with lower than 2.04 value of dimensional quotient (but 
higher than 1.54 A:C) faced severe pH decrease in juxtaposition with the out-range experiments 
and the pH of the endpoint might reach lower value than 1.  
 Following an individual analysis, the Exp.13 (A:C =0.38 or DQ=8.33) showed a distinct behavior 
after the sharp decrease at 24 hours. pH (Fig. 4.1b) surged in the remained 48 hour exposure time 
(from 24 hours to 72 hours). To construe the pH surge for the Exp.13, it is crucial to investigate 
the ORP state, relevant current, and voltage value. Being in reduction state meanwhile the process, 
limits the production of hydroxyl radicals for the Exp.13. Subsequently, adequate oxidation state 
would not be provided to have ferrous ions involved in electro-Fenton reaction.  It is also 
speculated that the available current of 0.31 A provided lower voltage that required overpotential 






Figure 4- 1 Variations of relevant parameters for experiments of the Stage 1-1; a) voltage versus time; b) 








 The tendency of the ORP variation (Fig. 4.1c) versus time showed a sharp increase in the first and 
second day of the exposure time. The Exp.13, Exp.14, Exp.15 and Exp.16 were in the reduction 
state during the first 24 hour exposure time. However, the Exp.14 and Exp.15 continued to be in 
reduction state up to 48 hour exposure time. The only experiment, which preserved reduction state 
was the Exp.13. When a dimensional quotient decreased, the slope of the ORP increase sharpened. 
Based on the achieved results, it is speculated that the available surface of graphite anode 
significantly affected the oxidation kinetics and reaction rate, which resulted in higher 
intensification on ORP. It can be related to higher active surface for carbon to involve in oxidation 
reactions. 
 The conductivity increased meanwhile 48 hour exposure time once the A:C ratio increased, and 
dimensional quotient decreased (Fig. 4.1d). When the dimensional quotient was less than 2.60, the 
slope of the conductivity sharply increased. It can be construed by considering the increase in 
constant applied current while the anode surface area increased. Consequently, the voltage 
increased by applying higher amperage based on the recorded values for voltage.  
 The temperature changes (Fig.4.1e) are caused by the applied electrical power and 
thermodynamics concepts of occurred oxidation/reduction reactions (e.g. enthalpy and activation 
energy). The similar trend of increase in the first 24 hour period observed for the relevant 
experiments of the first objective of the Stage 1-1. No significant change was also detected during 
the last 48 hour exposure time for all experiments. As much as the dimensional quotient decreased, 
the temperature value increased. Subsequently, the maximum temperature was recorded for the 
lowest dimensional quotient.  
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 The ammonia removal efficiency significantly increased once the dimensional quotient decreased 
whereas the A: C increase (Fig. 4-2a). However, the Exp.17 (DQ = 1.56) had better ammonia 
removal efficiency in comparison with the Exp.1 (DQ = 1.31). The reason might be the deficiency 
of spontaneous diffusion, which is possible to be initiated by significant increase of total solids 
(TS). The recorded amount of TS for the Exp. 17 was 4.7 g/L while the Exp.1’s TS was 5.5 g/L. 
Based on Abbassi-Guendouz et al. research, total solids content drove high solid anaerobic 
digestion via mass transfer limitation and hydrolysis rate constants slightly decreased with increase 
of TS [4-1]. The minimum and maximum ammonia removal efficiency were achieved for the Exp.19 
and Exp.13 with 32.2% ± 0.018% and 99.4% ± 0.018%, respectively.  
 
Figure 4- 2 Removal efficiency for Stage 1-1 a) ammonia removal; b) TKN removal; c) organic nitrogen 




TKN represents total concentration of ammonia and organic nitrogen, thus, the degradation of 
TKN is hardly proceeded because of both organic and inorganic compounds. The TKN removal 
efficiency (Fig 4.2b) was pointedly improved once the dimensional quotient decreased or the A:C 
surface area ratio increased. The sharpest increase belonged to the Exp.15 (DQ= 2.59; A:C=1.22) 
in which the removal efficiency increased for 30.2% in comparison with the previous experiment 
(Exp.14). The minimum and maximum TKN removal efficiency were achieved for the Exp.19 and 
Exp.13 by 20% ± 0.011% and 97.6% ± 0.011%, respectively.  
The organic nitrogen removal efficiency (Fig. 4-2d) can be assessed by considering the maximum 
removal efficiency which is achieved in dimensional quotient equal to 1. Organic nitrogen is 
computed by subtracting ammonia concentration from TKN concentration. Consequently, the 
differential nature of organic nitrogen leads to obtaining random results.  
For instance, the outcomes of the Exp.16 showed that the removal efficiency of TKN and ammonia 
were improved for 1.07% and 2.27% in comparison with the results of the Exp.15. However, the 
removal efficacy of organic nitrogen showed a decrease of 13.7%. 
 The negative removal efficiency value of the Exp.13 can be explained by deficiency of TKN 
removal rate. The rate of TKN removal was 38.88 mg
L⋅h⁄
 in the entire 72 hour exposure time while 
the ammonia removal rate was 49.16 mg
L⋅h⁄
. Having higher removal rate of ammonia in 
comparison with TKN removal rate resulted an increase in the subtraction of ammonia from TKN. 
Therefore, the concentration of organic nitrogen (subtraction of ammonia from TKN) would 
increase in the system and exceed from initial concentration of organic nitrogen (3000 mg/L). So, 
negative value of the removal efficiency of the organic nitrogen would be achieved while the 
described phenomenon (higher removal rate of ammonia in comparison with TKN) is taken place. 
101 
 
The total nitrogen is defined as the summation of TKN, nitrite, and nitrate. According to Eq.3-8, 
one of the products of TKN oxidation might be nitrite and the mentioned product is unstable in 
aqueous state. It was expected that the nitrate and nitrite concentrations vary meanwhile the 
process. The tendency of total nitrogen (Fig.4-2c) removal efficiency was likewise of the TKN 
and the sharpest increase was achieved for the Exp.15. The difference between total nitrogen 
removal efficiency of the Exp.14 and Exp.15 was 28%. Furthermore, the minimum and maximum 
detected removal efficiency were found to be 20% ± 0.038% (Exp.13) and 96.91% ± 0.038% (Exp. 
19). 
Assessing an impact of different geometries of cathode was the second objective of Stage 1-1. The 
perforated or mesh geometry facilitated the hydrogen gas transfer to the surface electrolyte. Since 
the present gas was expected to affect the conductivity of the electrolyte due to its high electrical 
resistivity. Therefore, permitting the produced gas to transport to the surface was crucial [4-2]. Three 
different cathode geometries were implemented and an optimal dimensional quotient (DQ=1) was 
considered. The effectiveness of using the optimal dimensional quotient (DQ =1) was validated in 
the Exp.19 by giving the highest removal efficiency among all relevant experiments of the first 
objective of Stage 1-1. 
However, the exposure surface area of cathode was expected to be different from each other. 
Perforated stainless steel had 38.8% void space while the mesh one had 68.2% void space; 
therefore, anode to cathode surface area ratio (A:C) varied.  
The voltage changes versus time (Fig.4-3a) showed that the initial and final achieved voltage value 
for mesh stainless steel cathode was higher than the perforated and flat plate one. The lowest initial 
and final voltage was resulted by implementing flat plate stainless steel cathode. The only 
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descending trend among all three scenarios (using perforated, mesh, and flat plate stainless steel) 
an optimal dimensional quotient (DQ=1) was also related to using perforated stainless steel. 
 
Figure 4- 3 Variations of monitored parameters for the relevant experiments of the 2nd objective of Stage 
1-1; a) voltage versus time; b) pH versus time c) ORP versus time; d) conductivity versus time; e) 
temperature versus time 
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Based on Anglada et al. research [4-3], for a certain current density, the higher electrolyte 
concentration would result the higher conductivity, and consequently the lower voltage was 
required [4-3]. Therefore, the voltage descending behavior of the the Exp.31 (perforated stainless 
steel cathode) for the last 24 hour exposure time can be interpreted by considering the related 
conductivity at the same time segment (48 hours to 72 hours). Based on Fig. 4-3d, the maximum 
conductivity at 48 hours belonged to the Exp.31 with 143.3 mS/cm. Consequently, the required 
voltage for the Exp.31 would be lower than other comparative experiments (Exp.23 and Exp.32). 
The pH variation versus time (Fig.4-3b) showed minor difference among three experiments which 
proved that the geometry of cathode did not directly impact on pH variation. A sharp decrease was 
observed during the first 24 hour period. However, a slight increase of pH was detected for the 
Exp.23 during last 24 hour exposure time (flat stainless steel electrode) and it increased from 0.83 
to 0.95. The interpretation of the observed variation required further investigation. Due to expected 
deficiency in hydrogen phase exchange for flat plate stainless steel electrode, the concentration of 
hydrogen ions exceeded close to cathode side. Consequently, the formation of hydroxyl radicals 
was accelerated due to increase in available reactants. Therefore, the pH slightly increased during 
the last 24 hour period. These speculations require further experimental work. 
ORP changes versus time (Fig.4-3c) showed that the maximum amount was achieved for 
perforated stainless steel cathode (Exp.31). The ORP of both perforated and mesh stainless 
electrodes were also reached 250.1 mV and 247.4 mV after 48 hours which were very similar. 
Based on the results, it can be concluded that the highest ORP would not guarantee that a high 
removal efficiency would be achieved. Since the Exp.23 (flat plate stainless steel cathode) with 
the lowest final ORP reaches the best removal efficiency of ammonia, TKN, and TN, in 
comparison with other experiments (Exp.31 and Exp.32). However, the upward tendency of ORP 
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changes and being higher than 150 mV might be an appropriate indicator for achieving a high 
removal efficiency.  
Conductivity variation versus time (Fig.4-3d) showed sharp a decrease for the Exp.32 (mesh 
stainless steel cathode) and leads the mentioned experiment to reach the minimal value of 
conductivity among all three experiments. The dependency of voltage variation to conductivity is 
fully described in explanations related to voltage changes versus time (Interpretation of Fig. 4-3a). 
 
 
Figure 4- 4 Removal efficiency versus time for the 2nd objective of Stage 1-1 considering: a) ammonia; 




The temperature changes versus time (Fig.4-3e) showed totally different behavior in comparison 
with the results generated by the experiments of the first objective, particularly for the last 24 hour. 
The only non significant changes for temperature behavior were observed for the second 24 hours 
of exposure time in the Exp.23 (flat plate cathode). Both Exp.31 and Exp.32 temperatures 
(perforated and flat plate stainless steel, respectively) showed an increase in ascending order for 
the last 24 hour period while the temperature of the Exp.32 decreased sharply. The temperature 
variation results showed that the generated heat of the system depends on enthalpy of the oxidation 
reactions rather than ohmic heat. For instance, the lowest final voltage belonged to the Exp.32 
(mesh stainless steel cathode) while the highest final temperature was also measured in the Exp.32. 
Since the small scale reactor was covered with parafilm, it would be a fair assumption that the heat 
transfer through surface of the liquid to the ambient was minimized. In addition, the experimental 
conditions and the materials of the designed reactors were considered the same to eliminate the 
impact of designing parameters on heat transfer. It is crucial to mention that the associated sources 
of heat generation were electricity and reactions. 
The best removal efficiency values were achieved for ammonia, TKN, total nitrogen, and organic 
nitrogen with the values of 99.23% ± 0.018%, 97.38% ± 0.011%, 96.32% ± 0.038%, and 90.6% ± 
0.04% respectively by implementing the flat plate stainless steel cathode (Exp.23). The lowest 
removal efficiency values were obtained for ammonia, TKN, and total nitrogen with the magnitude 
of 97.7% ± 0.018% ,96.16%± 0.011%, and 95.26% ± 0.038%, respectively by using perforated 
stainless steel cathode (Exp.31). One of the notable reasons to construe the excellency of flat plate 
stainless steel cathode was the distribution of the electrical field. Since graphite anode was used as 
plate geometry and even distribution of electrical field might have an impact on better 
mineralization of the pollutants.  
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The third objective of Stage 1-1 was investigating the impact of the reactor configuration and 
position of the anode on removal efficiency of the target pollutants. Two types of configurations 
were considered which were cuboid and cylindrical. Figure 3-5a1 and Fig.3-5a2 illustrates the 
design of the cuboid and cylindrical reactors. A detail of the designs of the reactors were described 
in Section 3-2-1. The major difference between a cylindrical and a cuboid one was the anode to 
cathode exposure surface area ratio (A:C ratio). A:C ratio of cylindrical reactor was 0.11 whereas 
the A:C ratio of cuboid reactor was 0.38. 
Voltage changes versus time (Fig.4-5a) showed a distinctive behavior in the Exp.13 (cuboid 
reactor) while the Exp.11 followed the expected response that was discussed in voltage changes 
of the second objective of Stage 1-1. The mentioned behavior of the Exp.13 was the decrease of 
voltage while the conductivity increased.  
The typical behavior of the Exp.11 might be interpreted by considering the results of Gabrielli et 
al. research [4-4]. Their model presented the stochastic behavior of the electrochemical interface 
when reactions were limited by diffusion of reacting species ensued on the electrode surface. The 
source of random fluctuations of the voltage and the concentration were a Poisson elementary 
noise sources equation which were acted on both reactive and diffusive fluxes. In order to evolve 
the state variables, they implemented Langevin equations which were obtained from linearization 
of electrochemical equations that originated from heterogenous electrochemical kinetics. The time 
dependent equation of voltage changes which was derived from their study is described in Eq.4-1. 
The described equation is just valid for small amplitudes. The Exp.13’s 48 hour voltage value was 




[4-1] ∆V(t) =  ∆E(t) + Re∆I(t) + ϑRe(t) 
V(t) variation of voltage with respect to time [V] 
E(t) variation of electrochemical potential across the electrochemical interface [V] 
I(t) variation of amperage with respect to time [A] 
Re   the resistance of the electrolyte between a working and a reference electrode [Ω] 
ϑRe voltage noise generated by the· electrolyte resistance [V] 
Therefore, due to the limited diffusion of the reactions which might happen in the last 48 hour 
period, the voltage noise might cause voltage drop and construe the observed phenomena.  
pH variations of the Exp.13 (Fig,4-5b) are fully described in the first objective of the Stage 1-1; in 
pH changes section.  The pH change of the Exp.11 showed a steady decline as expected. The final 
achieved pH after 72 hours is 1.54. 
The ORP results (Fig.4-5c) showed an upward tendency for the Exp.11 (cylindrical reactor). In 
the last 48 hour exposure time of the Exp.11, the ORP value was positive which indicated that the 
reactions were in an oxidation state. However, ORP of the Exp.13 (cubic reactor) decreased 
meanwhile the first 24 hour exposure time and it kept a negative value during the entire exposure 
time. Due to the central position of the graphite anode in cylindrical reactor, the active surface area 
of graphite was twice larger than that graphite anode which was placed in the cuboid reactor 
(Exp.13). The reason was the one-side exposure surface area of the electrode due to its fixed 
position close to wall of the reactor. 
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The conductivity changes versus time (Fig.4-5d) showed its increase for both experiments 
meanwhile the first 24 hour exposure time. The conductivity also kept increasing in the entire 
exposure time of 72 hours in the Exp.11 (cylindrical reactor). In contrast, the conductivity of the 
Exp.13 decreased meanwhile the last 48 hour period. It can be speculated that the electrolyte 
resistance increased during the last 48 hour exposure time due to an increase in non-electro-
conductive compounds, maybe due to deposition on electrodes. The specified determination of 
ions type requires analytical chemistry experiments and amperometry analysis [4-5].  
 The temperature changes versus time (Fig.4-5e) showed an expected surge during the first 24 hour 
exposure time and the non significant variations were observed for the subsequent 24 hours. The 
Exp.13 (cubic reactor) kept the tendency of non significant changes meanwhile the last 24 hour 
exposure time whereas the Exp.11 experienced a sharp drop during the last 24 hour period. 
In the Exp.11, the removal efficiency of the ammonia and TKN is higher than the obtained value 
in the Exp.13. Due to being in an oxidation state for the last 36 hours of exposure time, the Exp. 
11 demonstrated better removal efficiency than the Exp.13 with respect to ammonia and TKN. 




Figure 4- 5 Variations of monitored parameters for the relevant experiments of the 3rd objective of Stage 
1-1: a) voltage versus time; b) pH versus time; c) ORP versus time; d) conductivity versus time; e) 




The total nitrogen results (Fig.4-6c) surprisingly showed the equal removal efficiency for both 
experiments. It can be interpreted by the nature of the total nitrogen. Since the total nitrogen is a 
resultant of TKN, nitrate, and nitrite, the portion of nitrate and nitrite summation was significantly 
higher for Exp.13. Organic nitrogen removal efficiency (Fig.4-6d) showed a higher increase for 
the Exp.11. Based on previous discussion regarding the reason of achieving negative value for 
removal of organic nitrogen for the Exp.13, the rate of TKN removal was 38.88 mg
L⋅h⁄
 throughout 
the entire exposure time while the ammonia removal rate was 49.16 mg
L⋅h⁄
. In addition, the rates 





, respectively. The difference between removal rates of ammonia and TKN was -10.28 mg
L⋅h⁄
 for 
the Exp.13 while the mentioned difference was -12.5 mg
L⋅h⁄
for the Exp.11. Therefore, it was 




Figure 4- 6 Removal efficiency versus time for the 3rd objective of stage 1-1 considering: a) ammonia; b) 
TKN; c) organic nitrogen; d) total nitrogen 
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4-1-2. Stage 1-2 analysis  
 
Stage 1-2 is determined to investigate the impacts of time intervals of adding hydrogen peroxide 
as one of the predominant parameters of upscaling on removal efficiency of target pollutants. In 
addition, the appropriate selection of time interval significantly affects the process efficiency in 
small scale. The function of hydrogen peroxide is providing sufficient hydroxyl radicals to proceed 
the electro-Fenton reactions. Therefore, the time interval of adding hydrogen peroxide is directly 
influenced on the mineralization of target compounds and the variations of monitoring parameters 
(e.g. ORP, conductivity, pH, and voltage). Three intervals of 24, 12, and 6 hours are considered 
for the Exp.24, Exp.29, and Exp.30, respectively. 
The voltage changes versus time (Fig.4-7a) were the smoothest for the Exp.29 (12 hour interval) 
in comparison with other experiments. The voltage also increased to 3.9 V at the final 12 hour 
exposure time while the conductivity decreased to 112.43 mS/cm. The corresponding changes of 
voltage with respect to conductivity followed an expected behavior which was an increase in the 
voltage as a subsequent of decrease in conductivity [4-3]. The Exp.30 (6 hour interval) showed high 
voltage changes due to a frequent addition of the hydrogen peroxide. The sharpest decrease took 
place in the first 6 hour period and the sharpest increase was detected after 18 hours. The increase 
of voltage during the last 6 hour exposure time (3.95 to 4.4 V) can be justified by a conductivity 
decrease (108.9 to 112.43 mS/cm).    
  However, the Exp.24 (24 hour interval) demonstrated an unexpected increase of voltage (3.6 to 
3.9 V) while conductivity also increased (from 133.37 mS/cm to 140.23 mS/cm). Since an increase 
of 0.3 V cannot be considered as an insignificant change, justification of the mentioned unexpected 
behavior requires further assessment. It can be speculated that the exposure surface area of the 
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electrodes was exposed to a significant precipitation which interfered with the performance of the 
electrodes, conductivity, and subsequently voltage. 
 The pH changes curves (Fig.4-7b) showed a sharp decrease for all experiments during the first 24 
hour period. The Exp.29 (12 hour interval) showed a lower pH (3.27) value at the first 12 hour 
exposure time in comparison with the Exp.30 (6 hour interval) which reached pH equals to 4.25. 
The highest final pH was also measured in the Exp.24 (24-hour interval) with the value of 0.96. A 
minimal pH (0.32) was found in the Exp.29 (12-hour interval) which was almost the same (0.34) 
as in Exp.30. 
For the first 24 hour interval, the highest ORP (Fig.4-7c) belonged to Exp.24 (24 hour exposure 
time) with 107.45 mV while the Exp.29 (12 hour interval) and the Exp.30 (6 hour interval) stood 
on second and third rank, respectively. However, the significant increase was observed during the 
second 24 hour period for the Exp.29 and Exp.30. The detected ORP values for the Exp.24, Exp.29, 




Figure 4- 7 Variations of monitored parameters for the relevant experiments of Stage 1-2; a) voltage 





Experiments demonstrated unlike trends during the last 24 hour period. The Exp.24 (24 hour 
interval) provided the highest ORP among all experiments with the value of 296.87 mV. The 
Exp.29 (12 hour interval) experienced a slow decrease during the fifth 12 hour interval from 393.57 
mV to 386.33 mV. However, the last 12 hour period demonstrated the sharpest reduction among 
all experiments, which lessened from 386.33 mV to 248.63 mV. 
Remarkable decrease was observed for the Exp. 30 at 54 hours which kept its descending trend up 
to 60 hours. The Exp.30 experienced a significant increase during the last 6 hours. The value of 
ORP was 220.56 mV at 54 hours while the ORP at 60 hours was 249.03 mV. 
The conductivity changes (Fig.4-7d) showed a congruous trend for all experiments during the first 
24 hour exposure time, and the Exp.24 kept ascending tendency meanwhile the entire process time. 
However, the Exp.30 showed a gradual increase in conductivity from 24 hours to 42 hours and a 
sudden decrease from 42 hours to 48 hours. Again, the conductivity increased from 101.97 mS/cm 
to 112.43 mS/cm from 48 h to 60 h. The last 6 hours  of exposure time of the Exp.30 proceeded 
with a gradual decrease in conductivity which ended up giving 108.9 mS/cm.  
The Exp.29 (12-hour time interval) showed a sharp increase from 90.43 mS/cm to 123.73 mS/cm 
during the third 12-hour time interval. However, the mentioned experiment experienced a 
continuous gradual decline from 36 h to 72 h, while the final achieved conductivity was 120.25 
mS/cm. The minimal achieved conductivity belonged to the Exp.30 with the value of 108.9 mS/cm 
and the maximal one belonged to the Exp.24 (24 hour interval) which was equal to 140.23 mS/cm. 
The temperature variation of the Exp. 24 (Fig.4-7e) followed an expected behavior which was an 
initial surge, being slightly constant in the second 24 hour period, and a gradual increase in the last 
24 hour exposure time. However, temperature variation was significantly distinctive in the Exp.29 
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(12-hour time interval). It experienced a sharp increase in the first 12 hour exposure time while 
sharp decrease was detected in the second 12 hour period. The second sharp increase was recorded 
at the third 12 hour interval which proceeded with ascending trend up to the end. The final 
temperature of Exp.29 was 32.2 ̊ C. 
The distinctive behavior of the Exp.30 (6 hour time interval) showed several sharp both increases 
and decreases meanwhile the process. The maximal final temperature among all experiments also 
belonged to the Exp.30 with the value of 35.4 ̊ C. Four sharp increases took place at 6, 30, 42, and 
54 hour exposure time, respectively. On the other hand, four sharp decreases occurred at 12, 18, 





Figure 4- 8 Removal efficiencies of the pollutants for stage 1-2 a) ammonia removal efficiency; b) TKN 
removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
Removal efficiency of ammonia was 99.08% ± 0.018% for the Exp.29 (Fig.4-8a), which was 
approximately like achieved removal in the Exp.30 with 99.13% ± 0.018%. For TKN (Fig.4-8b), 
total nitrogen (Fig.4-8c), and organic nitrogen (Fig.4-8d), the best achieved removal efficiency 
was obtained with adding hydrogen peroxide each 12 hours meanwhile the process. In addition, 
the removal efficiency for TKN, total nitrogen, and organic nitrogen were 95.9% ± 0.011%, 
84.26% ± 0.038%, and 95.23%± 0.04%, respectively. It might be questionable that why adding 
hydrogen peroxide in the 6 hour time interval did not give superior results in comparison with 12 
hours. The answer could be related to the demand of sufficient retention time for the expected 
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oxidation reactions. Therefore, one of the upscaling experimental parameters would be time 
interval of adding hydrogen which is set as 12 hour for large scale. 
4-1-3. Stage 1-3 analysis  
 Stage 1-3 investigates the impact of pretreatment of the present sulfate in the influent. Due to 
expected problems originated from the sulfate presence in the system (e.g. enormous sludge 
generation, very low pH evolution and a possibility of hydrogen sulfide emission); then, removing 
sulfate came into consideration. Barium hydroxide (Ba(OH)2) was used to precipitate present 
sulfate in the form of barium sulfate (BaSO4). Two distinctive molar ratios of 1/1 and 2/1 were 





Figure 4- 9 Variations of monitored parameters for the relevant experiments of Stage 1-3; a) voltage 
versus time; b) pH versus time c) ORP versus time; conductivity versus time e) temperature versus time 
 
The voltage variations (Fig.4-9a) of the Exp.19 (without barium hydroxide) showed a descending 
tendency from the beginning up to 48 hours, and it was congruous with a sharp increase of 
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conductivity. However, the voltage increased from 4 V to 4.3 V during the last 24 hour period 
while conductivity decreased from 241.73 mS/cm to 240.2 mS/cm. The Exp.20 showed an 
expected behavior for the first 24 hour exposure time. In the other words, voltage decreased from 
4.1 V to 3.4 V while the conductivity increased from 47.9 mS/cm to 111.1 mS/cm. The voltage 
changed from 3.9 V to 3.2 V matched with the conductivity variations which increased from 123.6 
mS/cm to 125.9 mS/cm. The distinctive behavior was observed for The Exp.21 (with 2/1 barium 
hydroxide) with an initial voltage of 6 V and the final voltage of 6.7 V. The initial and final voltage 
were the highest values that were recorded among all experiments of Phase 1. The tendency of the 
voltage changes was declining from the beginning up to 48 hours and the value of voltage was 5 
V at 48 hours. However, the voltage change in the Exp.21 did not correspond expected 
conductivity changes during the last 24 hour exposure time and both curves were ascending. The 
voltage increased from 5 V to 6.7 V and conductivity surged from 123.6 mS/cm to 138.9 mS/cm. 
The reason is justified by the barium compounds ability to enhance the performance of the 
electrochemical cell. Based on Patent WO2000030198A1 [4-6], using barium hydroxide as an 
additive significantly improves the cathode performance, which leads to increase the electrode 
potential at the cathode side. In addition, the conductivity significantly increases due to introducing 
electroactive compounds. 
pH changes showed a sharp decrease (Fig.4-9b) in the first 24 hour period. The Exp.19 (no 
additives) showed stabilized change in the range of 0.82 to 0.81 during the second 24 hour 
exposure time. In addition, Exp.20 (1/1 molar ratio of barium hydroxide) showed the same 
behavior as the Exp.19 with a variation within the range between 1.09 and 0.99 during the second 
period of 24 hours. The Exp.19 (no additives) and the Exp.21 (2/1 molar ratio of barium hydroxide) 
demonstrated a slight change during the last 24 hour period. In contrast, Exp.20 showed a sharp 
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decrease from 1.04 to 0.1 during the last 24 hour exposure time. It can be concluded that the molar 
ratio of 2/1 was effective in stabilizing the pH around 1. 
 
 
Figure 4- 10 Removal efficiencies of the pollutants for Stage 1-3; a) ammonia removal efficiency; b) 
TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
The trends of ORP changes (Fig.4-9c) were ascending while the lowest conductivity was achieved 
in the Exp.21 (2/1 molar ratio of barium hydroxide) during the first 24 hour period. During the 
second 24 hour exposure time (from 24 hours to 48 hours), the intensity of increase was relatively 
stronger for the Exp.21 and the maximum attained ORP was 187.9 mV at the end of the second 24 
hour exposure time. The Exp.19 (no additives) showed descending behavior during the last 24 
hour exposure time (from 48 hours to 72 hours) and the final ORP was 188.53 mV. However, the 
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lowest ORP was achieved by the Exp.20 (1/1 molar ratio of barium hydroxide) with the value of 
178.93 mV. However, the observed tendency was ascending for the Exp.20. The maximum ORP 
(207.26 mV) was achieved by the Exp.21. The reason of ascending behavior in both Exp.20 and 
Exp.21 is the presence of hydroxyl ions which can participate in oxidation reactions. 
Conductivity variations (Fig.4-9d) showed that the Exp.20 (1/1 molar ratio of barium hydroxide) 
and Exp.21 (2/1 molar ratio of barium hydroxide) have lower final value in comparison with the 
Exp.19 (no additives). The tendencies of all experiments were ascending during the initial 48 hour 
exposure time (from 0 to 48 hours). In addition, the maximum conductivity was achieved by the 
Exp.19 with the value of 241.73 mS/cm at 48 hours. The ascending tendency of the Exp.20 and 
Exp.21 continued during the last 24 hour exposure time (from 48 hours to 72 hours), while the 
Exp.19 faced a gradual decrease. The significant difference between final conductivity values of 
the  Exp.20 (125.9 mS/cm) and the Exp.21 (138.9 mS/cm) with the Exp.19 (240.2 mS/cm) was 
observed. In the other words, the difference between the final conductivity of both Exp.19 and 
Exp.20 was 114.3 mS/cm and measured difference between the final conductivity of Exp.19 and 
Exp.21 was 101.3 mS/cm. The observed significant difference can be justified by the solution of 
barium hydroxide increased the resistivity of the cell due to the introduced total solid content. As 
a result, the conductivity significantly decreased in comparison with the experiments with 
additives. 
Then, temperature variations (Fig.4-9e) of the Exp.19 was ascending during the first 24 hour 
exposure time. It also continued with slightly constant changes from 24 hours to 72 hours. 
However, the tendency of variations for the Exp.20 and Exp.21 did not show the same behavior as 
Exp.19. Furthermore, the decrease and increase of the temperature were observed for the Exp.20 
and Exp.21 during the second and third 24 hour period, respectively. The maximum temperature 
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was obtained by the Exp.19 with the value of 31.8 ̊ C and the minimum one was achieved by 
Exp.20 with the amount of 28.4 ̊ C. 
 According to Figure 4-10, the best ammonia removal efficiency (99.4% ± 0.018%) was achieved 
by the Exp.19 (no additives) while the minimum (94.76% ± 0.018%) by the Exp.21. The highest 
removal efficiency for TKN, TN, and organic nitrogen was also obtained in the experiment without 
additives (Exp.19) at the levels of 97.66% ± 0.011%, 96.91% ± 0.038%, and 91.15% ± 0.04%, 
respectively. The minimum removal efficiency of TKN was obtained in the Exp.20 (1/1 barium 
hydroxide molar ratio) with the value of 84.57% ± 0.011%. In addition, the minimum removal of 
total nitrogen, and organic nitrogen resulted in the Exp.20 which were 82.69% and 40.16%, 
respectively. It can be concluded that adding barium hydroxide did not improve the removal 
efficiency of ammonia, TKN, total nitrogen, and organic nitrogen, correspondingly. 
4-1-4. Stage 1-4 analysis  
 
Stage 1-4 investigates the impact of adding the Fenton agent. Fenton agent which acts as 
heterogeneous catalyst was added to the electrokinetic (EK) reactor in the form of ferrous sulfate 
(FeSO4). A major material which was used as a source of ferrous (Fe
2+) was ferrous sulfate 
heptahydrate (FeSO4.7H2O)
 [4-7]. Based on Zhukovskaya’s research [1-13] on the same wastewater, 
the optimal ratio of ferrous ions to hydrogen peroxide (Fe2+/H2O2) was 0.05. Therefore 3.01 g of 
ferrous sulfate was added to a raw wastewater.  
The voltage changes (Fig.4-11a) demonstrated that the initial voltage (5 V) of the Exp.37 (with 
adding Fenton agent) was significantly higher than the initial voltage (4.4 V) of the Exp.19 (no 
addition of Fenton agent). The tendencies of both experiments were descending during the first 24 
hour exposure time. The voltage of the Exp.19 decreased slightly from 4.05 V to 4 V. In contrast, 
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the Exp.37 experienced a sharp increase from 4.4 V to 5.9 V meanwhile the second 24 hour 
exposure time (from 24 hours to 48 hours). During the last 24 hour period, both experiments 
showed an increasing tendency. However, the Exp.37’s voltage slightly increased from 5.9 V to 6 
V. On the other hand, the Exp.19’s voltage increased sharply from 4 V to 4.3 V. 
pH changes (Fig.4-11b) showed that the Exp.37 (with adding Fenton agent) experienced a sharper 
decrease in comparison with the Exp.19 in which reached 0.28 from the initial value of 6.45 
meanwhile the first 24 hour exposure time. It is notable that adding Fenton agent decreased the 
initial pH from 7.65 to 6.45. The reason was an increase in available sulfate ions after adding 
Fenton agent. The pH of the Exp.37 continued decreasing to 0.18 during the second 24 hour 
exposure time (from 24 hours to 48 hours). Distinctively, pH changes showed an ascending 
behavior and pH increased from 0.18 to 0.78 meanwhile the third 24 hour exposure time (from 48 
hours to 72 hours). 
 ORP variations (Fig.4-11c) of the Exp.37 (with adding Fenton agent) demonstrated an exclusive 
trend in which the final ORP was remarkably higher than the Exp.19 one. During the first 24 hour 
period, the ORP of the Exp.37 increased from initial 9.9 mV to 181.53 mV. Then, it kept increasing 
to 426.53 mV meanwhile the second 24 hour exposure time until the final ORP of 442.1 mV which 
is the highest among all experiments of Phase 1. The reason was availability of a higher mass of 
catalyst which accelerated the production of hydroxyl radicals. 
 Conductivity changes (Fig.4-11d) in the Exp.37 (with adding Fenton agent) showed that it can be 
significantly decreased meanwhile the process. The initial conductivity of the Exp.37 was 57.4 
mS/cm while the Exp.19’s initial conductivity was 60.6 mS/cm. The Exp.37 conductivity 
increased to 110.46 mS/cm after 24 hours which was close to the value of obtained in the Exp.19 
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(101.3 mS/cm). However, the slope of increase was much larger for the Exp.19 in comparison with 
the Exp.37 for the second 24 hour exposure time (from 24 hours to 48 hours). For instance, the 
conductivity of the Exp.37 increased from 110.46 mS/cm to 123.3 mS/cm while the Exp.19’s 
conductivity reached 241.73 mS/cm from 101.3 mS/cm. During the last 24 hour exposure time 
(from 48 hours to 72 hours), the conductivity of the Exp.37 decreased to 103.2 mS/cm and the 
observed behavior was descending. In contrast, the Exp.19 experienced a negligible decrease in 
which the conductivity reached 240.2 mS/cm from 241.73 mS/cm. 
Temperature variations (Fig.4-11e) of the Exp.37 (with Fenton agent) demonstrated that a 
significant difference between the final temperature of the Exp.19 and Exp.37. In fact, the final 
temperature of the Exp.37 was 40.5 ̊ C while the ultimate temperature of the Exp.19 was 31.8 ̊ C. 
The tendency of changes of the Exp.37 was ascending during 48 hour exposure time (0 to 48 hours) 
and the achieved temperature was 40.4 ̊ C at 48 hours. During the last 24 hour period, the 
temperature of the Exp.37 was almost constant and reached 40.5 ̊ C at 72 hours. 
According to Fig.4-12a, once Fenton agent was introduced to the electrokinetic reactor, the 
removal efficiency of the target pollutants enhanced except for ammonia. The Exp.37 (with adding 
Fenton agent) reached 98.82% ± 0.018% ammonia removal while the corresponding value for the 
Exp.19 (no addition of Fenton agent) was 99.44% ± 0.018%. TKN removal efficiency (Fig.4-12b) 
was improved after adding the heterogeneous Fenton agent and it increased for 0.71%. The TKN 
removal efficiency of the Exp.37 was 98.37% ± 0.011%. 
Total nitrogen removal efficiency (Fig.4-12c) was also improved by 0.49% and it reached 97.4% 
± 0.038%. The result of the organic nitrogen removal efficiency can be considered as the best 
achieved results in the Exp.37 among all experiments of Phase 1. The organic nitrogen removal 
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efficiency (Fig.4-12d) enhanced by 5.58% and the observed efficiency was 96.73% ± 0.04%. 
Therefore, it can be speculated that adding heterogeneous Fenton agent will significantly increase 
the organic nitrogen mineralization. However, obtaining the heterogeneous Fenton agent as 





Figure 4- 11 Variations of monitored parameters for the relevant experiments of Stage 1-4; a) voltage 





Figure 4- 12 Removal efficiencies of the pollutants for Stage 1-4; a) ammonia removal efficiency; b) 
TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
 
4-1-5. Stage 1-5 analysis  
 
The impact of current density variation is investigated in Stage 1-5. Four distinctive current 
densities (33.33 mA/cm2, 37.7 mA/cm2, 22.22 mA/cm2, and 27.77 mA/cm2) were considered and 
the logic of the current density selection was described in Section 3-2-1. The applied current 
density was strongly dependent on an exposure surface of the anode. In order to eliminate the 
impact of the anode surface area on the applied current, the constant value of 57.75 cm2 was 




Figure 4- 13 Variations of monitored parameters for the relevant experiments of Stage 1-5; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity versus time e) temperature versus 
time 
 
The voltage changes curves (Fig.4-13a) showed that the Exp.1 (current density of 33.33 mA/cm2) 
obtained a descending trend, in which the initial voltage of 4.6 V reached 3.7 V after 72 hours. 
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The conductivity measurements demonstrated an ascending trend which was expected. Over the 
first 48 hour period, the voltage of the Exp.2 (current density of 37.7 mA/cm2) decreased 
continuously from 4.55 V to 3.7 V, while it experienced a sharp increase meanwhile the last 24 
hour exposure time (from 48 hours to 72 hours) and reached 4.6 V. The voltage of the Exp.3 
(current density of 22.22 mA/cm2) showed a sharp increase during the first 24 hour exposure time 
(from initial to 24 hours) reaching 4.4 V from initial value of 3.9 V.  Afterwards, the Exp.3 
obtained a descending trend and the cell potential reached 4 V. Meanwhile the last 24 hour 
exposure time, the Exp.3 faced a gradual increase and the final potential was 4.2 V after 72 hour 
exposure time. The Exp.4 (current density of 27.7 mA/cm2) demonstrated a distinctive behavior, 
where no significant variation was observed during the entire exposure time. The only variation 
occurred during the first 24 hour period and the voltage reached 4.7 V from initial 4.6 V. The cell 






Figure 4- 14 Removal efficiencies of the pollutant for Stage 1-5; a) ammonia removal efficiency; b) TKN 
removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
 
After 24 hours of treatment, the Exp.3 (current density of 22.22 mA/cm2) reached the highest pH 
(2.28) value while the lowest pH (1.18) was observed in the Exp.2 (current density of 37.7 
mA/cm2). In addition, the Exp.3 showed the highest pH (1.29) at 48 hours whereas the lowest pH 
(0.94) was achieved by the Exp.4 (current density of 27.77 mA/cm2). The final pH values of all 
experiments were in the range between 0.89 to 1.01, while both Exp.1 (current density of 33.33 
mA/cm2) and Exp.2 reached the pH minimal value of 0.89 (Fig.4-13b). 
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 ORP changes (Fig.4-13c) demonstrated that the Exp.1 (current density of 33.33 mA/cm2) 
provided the highest ORP (67.23 mV) at 24 hours while the lowest ORP was reached by the Exp.3 
(current density of 22.22 mA/cm2). Meanwhile the second 24 hour exposure time (from 48 hours 
to 72 hours), the sharpest increase and the highest value were obtained by the Exp.4 (27.77 
mA/cm2) when ORP increased from 23 mV to 120.23 mV. Whereas the lowest recorded ORP was 
64 mV (Exp.3) at 48 hours. The maximum ORP (242.46 mV) was achieved by the Exp.2 (current 
density of 37.7 mA/cm2) at the third 24 hour exposure time (from 48 hours to 72 hours). The 
minimum ORP value was achieved by Exp.3 with the value of 69.43 mV. The gradual and non-
significant increase of ORP in Exp.3 showed that the occurred reactions were not capable of 
providing a strong oxidation state while the current density was minimal (22.22 mA/cm2). In 
contrast, the highest ORP was provided by applying the highest current density equals 37.7 
mA/cm2. 
 Conductivity variations (Fig.4-13d) showed that the Exp.1 (current density of 33.33 mA/cm2) and 
the Exp.2 (current density of 37.7 mA/cm2) had ascending trends meanwhile the first 24 hour 
exposure time (initial to 24 hours). Whereas, both Exp.3 (current density of 22.22 mA/cm2) and 
Exp.4 (current density of 27.77 mA/cm2) obtained descending trend. During the remaining 48 hour 
exposure time (from 24 hours to 72 hours), all experiments demonstrated an ascending behavior 
and the maximum conductivity of 125.53 mS/cm was achieved by the Exp.1 (current density of 
33.33 mA/cm2) at the end point (72 hours). In addition, the minimum conductivity was achieved 
by the Exp.4 which was equal to 101.2 mS/cm. It was expected to observe the maximum 
conductivity in the Exp.2 due to having the highest current density; however, the observations did 
not follow the expectation. To construe the observed behavior, it was crucial to consider the 
associated parameters in the conductivity equation (Eq.4-2) 
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𝜎   conductivity S/m, 
ρ    electrical resistivity [Ωm], 
J    magnitude of current density [A/m2],  
E   electric field [V/m], where distance between electrodes and their surface are constant, 
Since the electric field was varied due to the change of the voltage, the final point of electric field 
was considered to investigate the reason of the maximum conductivity in the Exp.1. The expected 
conductivity of the Exp.1 based on observed voltage and implementing the values into Eq.4-2 was 
4.5 S/m (45 mS/cm) while 4.1 S/m (41 mS/cm) was obtained for the Exp.2. Although the calculated 
results were different from observed conductivity, it can fairly show that the Exp.1 should obtain 
a higher conductivity than the Exp.2.   
 Results showed that the temperature increased in all experiments during the first 24 hour exposure 
time (from initial to 24 hours), while the maximum temperature (30.2 ̊ C) was achieved in Exp.2 
(current density of 37.7 mA/cm2). During the remained 48 hour exposure time (from 24 hours to 
72 hours), the Exp.2 presented a descending behavior with a final temperature of 29.4 ̊ C. In 
contrast, Exp.1 (conductivity of 33.33 mA/cm2) and the Exp.4 (conductivity of 27.77 mA/cm2) 
demonstrated an ascending trend during the remained 48 hour exposure time. Furthermore, the 
maximum temperature of 31.9 ̊ C was achieved in the Exp.1. The Exp.3 (22.22 mA/cm2) showed 
an insignificant decrease in temperature (from 25.1 ̊ C to 24.9 ̊ C) during the remaining 48 hours. 
According to Fig.4-14a, the highest ammonia removal efficiency (89.91% ± 0.018%) was obtained 
by implementing CD equals to 22.22 mA/cm2 (Exp.3) while the lowest one was achieved by 
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introducing CD equals to 27.7 mA/cm2. The Exp.1 (current density of 33.33 mA/cm2) reached a 
better efficiency in comparison with the Exp.2 (current density of 37.7 mA/cm2), when a difference 
between the obtained removals was 1%. 
 TKN removal efficiency (Fig.4-14b) of Exp.1 (current density of 33.33 mA/cm2) found to be 
superior among all experiments of Stage 1-5. The achieved TKN removal efficiency was 85.28% 
± 0.011% for the Exp.1. In contrast, the lowest removal efficiency (57.63 % ± 0.011%) was 
obtained once CD equals to 27.77 mA/cm2 (Exp.4) was applied. In addition, total nitrogen removal 
efficiency (Fig.4-14c) faced the same standings. An excellent removal efficiency was observed for 
the Exp.1 (current density of 33.33 mA/cm2) while the worst one (64.27% ± 0.038 %) was obtained 
for the Exp.4.  
The significant difference was recorded for the organic removal efficiency (Fig.4-14d) among all 
experiments of Stage 1-5. The Exp.1 (current density of 33.33 mA/cm2) and Exp.2 (current density 
of 37.7 mA/cm2) provided 74.33% ± 0.04% and 59% ± 0.04% removal efficiency, respectively. 
Whereas, the Exp.3 (current density of 22.22 mA/cm2) and Exp.4 (current density of 27.77 
mA/cm2) reached 16% and 11.33% removal efficiency, correspondingly.  
Based on the achieved removal efficiency, the current density equals to 33.33 mA/cm2 was 
considered for further tests in the small-scale experiments. Particularly, the highest removal 
efficiency resulted in applying CD equals to 33.33 mA/cm2. 
4-1-6. Stage 1-6 analysis  
 
Stage 1-6 is focused on the impact of continuous airflow diffusion. Two ranges of air flowrate 
were introduced which are categorized as relatively high and low flowrate. The Exp.7 (high air 
flow rate) had the flow rate in the range of 115.78 mL/min to 200 mL/min, while the Exp.10 (low 
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air flow rate) had the air feed rate in the range between 48 mL/min and 136.19 mL/min. It is 
essential to mention that airflow takes over the role of oxidizing agent (hydrogen peroxide) for the 




Figure 4- 15 Variation of monitored parameters for the relevant experiments of the Stage 1-6; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity versus time e) temperature versus 





Figure 4- 16 Removal efficiencies of the pollutants for stage 1-6; a) ammonia removal efficiency; b) TKN 
removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
  
 The air flowrate graphs (Fig. 4-15f) demonstrated that the Exp.10’s rate (low flowrate) fell 
significantly throughout the first 24 hour period, on the other hand, the Exp.7 (high flowrate) 
reached a peak of 200.63 mL/min after 24 hours. During the second 24 hour-period, the Exp.10 
recovered and reached 70 mL/min from 24 mL/min. In contrast, the air flow rate of the Exp.7 
decreased steadily, and was reached 136.85 mL/min. Meanwhile the third 24 hour exposure time 
(from 48 hours to 72 hours), the air flowrate of the Exp.10 increased, and the final recorded 
flowrate was 79.36 mL/min. In addition, the Exp.7 continued decreasing and its final value was 
117.05 mL/min.  
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The voltage variations (Fig.4-15a) demonstrated that in the first 24 hour exposure time, all 
experiments faced a decrease. The Exp.1 (no air flow) kept decreasing for the remaining 48 hours 
and its final value was 3.7 V. In contrast, both Exp.7 (high air flow rate) and Exp.10 (low air 
flowrate) faced a gradual increase during the second 24 hour-period (from 24 hours to 48 hours); 
however, the observed trends were descending meanwhile the third 24 hour-period (from 48 hours 
to 72 hours). A remarkable difference between voltage curves of the Exp.7 and Exp.10 showed 
that airflow rate was directly influenced the cell potential and lower air flowrate provided lower 
electrical potential. 
The pH changes (Fig.4-15b) in all three experiments showed the similar tendency where the final 
achieved pH value was in the range between 0.82 and 0.89 after 72 hour exposure time. In addition, 
the Exp.7 (high flow rate) and Exp.10 (low flow rate) had the same final pH value equals to 0.89. 
The results proved that pH changes were independent on the airflow rates when the applied flow 
rate was in the range between 48 mL/min to 200 mL/min. 
 The ORP variations (Fig.4-15c) showed that during the first 24 hour period, the highest ORP (67.2 
mV) was achieved in the Exp.1 (no air flowrate), while the lowest ORP was obtained (20.2 mV) 
in the Exp.10 (low air flowrate). Meanwhile the second 24 hour-period, the trend of ORP changed 
to be strongly ascending in the Exp.7 and Exp.10. The ORP increased from 35.7 mV to 112.95 
mV in the Exp.7 and built up from 20.2 mV to 162.2 mV in the Exp.10 at 24 hours. During the 
last 24 hour exposure time, all experiments showed a strong ascending behavior and the maximum 
ORP was obtained by the Exp.7 (high air flowrate) which was 237 mV. In addition, an interesting 
intermediate value of 183.2 mV was obtained in the Exp.10. The results showed that the air 
diffusion will significantly enhance the oxidation potential and would enable the electrokinetic 
reactor to remain in a high continuous oxidation state. 
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 Conductivity changes (Fig.4-15d) showed that the difference in the air flowrate did not 
significantly affect the conductivity although the overall conductivity increased when the air flow 
substituted the hydrogen peroxide. The maximum conductivity was achieved by the Exp.7 (high 
airflow rate) with the value of 139.9 mS/cm after 72 hours while the minimum one was obtained 
by the Exp.1 (no air flowrate) with the value of 125.53 mS/cm. 
 The behavior of temperature variations (Fig.4-15e) were similar for all experiments of Stage 1-6 
during the first 24 hour exposure time (from initial to . The obtained temperatures of  theExp.1 (no 
airflow), Exp.7 (high airflow rate) and Exp.10 (low airflow rate) were 25.1 ̊ C, 26.4 ̊ C, and 24.9  ̊
C, respectively. The results revealed that the air diffusion would significantly decrease the 
temperature in comparison with the process in which the hydrogen peroxide was used as an 
oxidizing agent. The final temperature of the Exp.7 and Exp.10 were 25.9 ̊ C and 26.1 ̊ C, 
respectively. In contrast, the final temperature of the Exp.1 was 31.9 ̊ C. 
High airflow rate demonstrated the influential alteration in enhancement of the ammonia removal 
efficiency (Fig.4-16a) since the highest removal efficiency of ammonia was achieved by the Exp.7 
(high air flowrate) with the value of 95.4% ± 0.018% in Stage 1-6. The low air flowrate in the 
Exp.10 also reached a good ammonia removal equals to 94.35% ± 0.018%. Whereas, the lowest 
removal of ammonia (88.27% ± 0.018%) was achieved in the Exp.1 where no air flowrate was 
applied. The results indicated that the air diffusion could be effective to enhance the ammonia 
oxidation in EK cell. 
TKN removal efficiency (Fig.4-16b) was enhanced by applying the low air flowrate (Exp.10) as 
an oxidizing agent in comparison with using hydrogen peroxide (85.28% ± 0.011%) in the Exp.1. 
The highest removal efficiency (87.07% ± 0.011%) of TKN was obtained by Exp.10 (low flowrate) 
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in Stage 1-6. Exp.7 (high air flow) demonstrated the lowest (83.72% ± 0.011%) removal efficiency 
among all experiments of Stage 1-6. It can be concluded that the rate of airflow played an important 
role in the TKN removal. Based on the achieved results in Stage 1-6, the TKN removal can be 
enhanced in a small EK cell, as far as the air flow rate maintains the range between 48 mL/min 
and 136.19 mL/min. 
 Total nitrogen (TN) removal efficiency (Fig.4-16c) followed the trends of TKN removal for the 
same experimental conditions since the low air flowrate provided the best TN removal efficiency 
by 84.76%± 0.038%. However, the Exp.1 (No air flow) resulted in the lowest TN removal of 
81.65%± 0.038% and the high air flowrate (Exp.7) gave the TN removal by 84.28% ± 0.038%. It 
can be concluded that the total nitrogen removal efficiency was enhanced by applying an air flow. 
In addition, total nitrogen removal efficiency slightly depends on the rate of applied air flow since 
a difference between the results of two scenarios (low and high air flowrate) was only 0.48%. 
Introducing the airflow to the reactor did not provide any acceptable results for the organic nitrogen 
removal efficiency (Fig.4-16d). The achieved results with applying the airflow were 57.2% ± 
0.04% and 60.37% ± 0.04%. On the other hand, no air flow associated experiments (Exp.1) gave 
74.33% ± 0.04% organic nitrogen removal efficiency. Based on the achieved results, no airflow 
was applied in further investigations.  
Table 4-1 provides the obtained removal efficiency for all significant experiments of Phase 1. 
Additional experiments were also run to investigate the interaction of Phase 1’s parameters or the 
impact of an intermittent DC. The objective of the Exp.26 was investigating the interaction of 
parameters while the objective of the Exp.35 was applying an intermittent current. The removal 
efficiency of ammonia, TKN, total nitrogen, and organic nitrogen of the Exp.19 were provided in 
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each 24 hour-period. These data were also represented in relevant sections of Stage 1-1, Stage 1-
3, and Stage 1-4, respectively. Furthermore, Exp.13 is also presented in the discussions of the 
results of Stage 1-1 (the first and third objective). Likewise, Exp.1, used for comparison, also 
appears in Stage 1-1, Stage 1-5, and Stage 1-6. 
The results of Exp.26 (99.68%, 98.14%, 97.05% and 92.55% removal efficiency for ammonia, 
TKN, total nitrogen, and organic nitrogen, respectively) proved that adding hydrogen peroxide 
each 12 hour interval and considering dimensional quotient equals to 1 would provide the best 
experimental design parameters to follow in the upscaling process. In addition, it would be feasible 
to reduce the exposure time to be exposed to DC to 60 hours for the proposed electro-Fenton 
process. Furthermore, based on the Exp.26, the time of exposure can be reduced even up to 24 
hours, if the ammonia removal is the main objective. 
On the other hand, unsatisfactory results of the Exp.35 showed that implementing an intermittent 
current with 5 min on/5 min off to a high strength wastewater did not enhance the removal 









Table 4- 1 Removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 1 




















13 32.18 20 20 -19.8 DQ* =8.33 
14 41.3 42.6 41.65 47.33 DQ* =4.41 
15 81.64 2.43 69.65 49 DQ* =2.59 
16 83.91 73.5 71.8 35.3 DQ* =2.03 
17 91.1 82.21 80.34 49.63 DQ* =1.56 
1 88.27 85.28 81.65 74.33 DQ* =1.31 
18 95 90.36 88.14 73.33 DQ* =1.12 
19-1 75.45 61.28 61.52 9.33 
24h analysis 
DQ* = 1 
19-2 97.82 92.28 89.65 71.96 48h analysis 
19-3 99.44 97.66 96.91 91.15 72h analysis 
1-1;2nd 
objective 
31 97.7 96.16 95.26 90.5 
Perforated SS** 
cathode 
32 99 96.87 95.85 89.13 
Mesh SS** 
cathode 





11 35.45 21.42 20 -30 Cylindrical cell 
13 32.18 20 20 -19.8 Cuboid cell 









Table 4-1 Continued- removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 1 
1-2 
24 97.08 90.57 87.58 66.7 
24 h time 
interval of 
adding H2O2 
29 99.08 95.9 95.23 84.26 
12 h time 
interval of 
adding H2O2 
30 99.13 95.57 95.01 85.52 




19 99.44 97.66 96.91 91.15 
No barium 
hydroxide 
20 96.68 84.57 82.69 40.16 
1/1 molar ratio 
of barium 
hydroxide 
21 94.76 89.14 87.44 68.53 




19 99.44 97.66 96.91 91.15 
No Fenton 
agent 





1 88.27 85.28 81.65 74.33 
CD*** equal to 
33.33 mA/cm2 
2 87.27 81.21 78.07 59 
CD***equal to  
37.7  mA/cm2 
3 89.91 67 71.1 16 
CD***equal to 
22.22 mA/cm2 




1 88.27 85.28 81.65 74.33 No air flow 
7 95.4 83.72 84.28 57.2 High flowrate 
10 94.35 87.07 84.76 60.37 Low flowrate 
DQ*: Dimensional Quotient; SS**: Stainless Steel ; CD***: Current Density 
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Table 4-1 Continued- removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 1 
Additional 
experiments 
26-1 97.06 81.64 49.44 25.1 
36 h analysis 
DQ =1 
12 h time 
interval of 
adding H2O2 
26-2 99.59 95.89 95.01 82.34 





12 h time 
interval of 
adding H2O2 
26-3 99.69 97.5 96.57 89.47 





12 h time 
interval of 
adding H2O2 
26-4 99.68 98.14 97.05 92.55 





12 h time 
interval of 
adding H2O2 
35 73.45 68.57 66.07 49.33 
Intermittent 
DC 5’on/5’ off 
DQ*: Dimensional Quotient; SS**: Stainless Steel; CD***: Current Density 
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4-2. Phase 2 results and discussion 
 
  Phase 2 of the research focuses on the experimental upscaling of the EK electro-Fenton reactor. 
the optimal experimental configuration of Phase 1 are also considered to determine the 
experimental design of Phase 2.  In addition, the outcomes of Phase 2 (medium scale experiments) 
was expected to provide the necessary information for the tests at a bigger scale (Phase 3) and 
develop the electro-Fenton sequential batch reactor (EF-SBR) in Phase 4. The Initial and operating 
conditions as well as a reason for choosing them were discussed in detail in Section 3-2-2.  
 
4-2-1. Stage 2-1 and Stage 2-2 analysis 
 
An increase of the anode surface area is feasible by using the graphite rods while keeping the 
dimensional quotient constant. Consequently, the distance between electrode will be determined 
considering the diameter of the rods. Therefore, two parameters: 1) distance between electrodes 
and 2) surface area of anode are changed concurrently. As a result, two individual experiments are 
run with graphite rods and graphite plate. Based on the described experimental condition, assessing 
Stage 2-1 (impact of the anode to cathode surface area ratio and the geometry of the electrodes) 
and Stage 2-2 (impact of distance between electrodes) requires the same set of experiments.  
As far as the discretization length (indicator of curvature) is increasing, the current distribution is 
affected [4-8].Therefore, it is expected to have a significant difference between the actual potential 
and the actual current density with expected ones (theoretical values). So, it is anticipated to have 
a better electrode functionality with a graphite plate [4-8]. 
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The voltage changes (Fig.4-17a) demonstrated that the Exp.28 (graphite rods anode) faced a steady 
decrease during the first 24 hour exposure time, and it reached 5.54 V from the initial value of 6.42 
V. The Exp.42 (graphite plate) also experienced a fall in value. However, the slope of the decline 
was higher in comparison with the Exp.28. The initial voltage of the Exp.42 was 6.18 V while it 
decreased to 4.34 V. Meanwhile the remained 48 hours, the Exp.28 increased steadily and its final 
achieved voltage was 6.11 V. It is notable to mention that the slope of variation was increased by 
0.47 V during the last 24 hour period (from 48 hours to 72 hours). For the remaining 48 hours, the 
voltage decreased slightly in the Exp.42 and reached 4.18 V at 72 hours. Therefore, it can be 




Figure 4- 17 Variations of monitored parameters for the relevant experiments of Stage 2-1 and Stage 2-2; 
a) voltage versus time; b) pH variation versus time c) ORP versus time; d) conductivity versus time e) 




The graphs of pH variations (Fig.4-17b) showed a sharp decrease for both experiments meanwhile 
the first 24 hour-period. However, the intensity of the pH decrease (graphite rods anode) was 
higher in the Exp.28 in comparison with the Exp.42 (graphite plate). During the second 24 hour 
exposure time (from 24 hours to 48 hours), the Exp.28 and Exp.42 obtained pH equal to 1.06 and 
1.28, respectively. pH values of both experiments kept decreasing gradually and the final obtained 
value were 0.76 and 1.05 for Exp.28 and Exp.42 correspondingly. 
The graphs of ORP variations (Fig.4-17c) demonstrated the similar behavior meanwhile the first 
24 hour exposure time. The Exp.28 (graphite rods) and Exp.42 (graphite plate) reached 239.5 mV 
and 245.4 mV, respectively. During the second 24 hour-period, the Exp.42 experienced a slight 
decrease and ORP reached 294.8 mV, while the Exp.28 faced a steady increase during the same 
time interval. During the last 24 hour exposure time (from 48 hours to 72 hours), the ORP of the 
Exp.28 decreased, whereas, the ORP of Exp.42 increased. The final recorded ORPs for both 
Exp.28 and Exp.42 were 239.6 mV and 388 mV, respectively. The oxidation state could be an 
indicator in the Exp.42 for evaluating the anode oxidation. The observed anode oxidation was 
superior in comparison with the graphite rods anode in the Exp.28.  
Conductivity changes (Fig.4-17d) showed that for both experiments, the tendency of changes was 
totally ascending during the total exposure time. The final achieved conductivities were 258 
mS/cm and 267 mS/cm for the Exp.28 and Exp.42, respectively. During the first 24 hour period, 
the Exp.28’s conductivity reached 173 mS/cm while the Exp.42’s conductivity was 133.7 mS/cm. 
The representative slope of the increase of conductivity for Exp.28 was higher than Exp.42’s slope 
during the first 24 hour exposure time. Although the Exp.42 maintained the same slope of increase 
during the second 24 hour exposure time, the Exp.28 faced a remarkable decrease with respect to 
slope in the same time interval. Exp.28’s conductivity was 210.8 mS/cm at 48 hours and Exp.42’s 
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one was 204 mS/cm. It is obvious that the difference between the monitored conductivity at 48 
hours for both experiments was momentously decreased and both representative values converged. 
To clarify the observed behavior, it should be mentioned that the measured difference at 24 hours 
was 39.3 mV while the difference was reduced to less than 3 mS/cm. The conductivity of both 
experiments increased steadily during the last 24 hour period, and the highest conductivity was 
achieved by the Exp.42. 
Temperature changes (Fig.4-17e) in both experiments showed a similar tendency during the first 
24 hour exposure time. The achieved results were 34.5 ̊ C and 36.5 ̊ C for the Exp.28 (graphite 
rods) and Exp.42 (graphite plate). The Exp.28 faced an intensive increase during the second 24 
hour exposure time (from 24 hours to 48 hours). While the Exp.42 experienced a gradual increase 
in the same period. Meanwhile the last 24 hour period, the Exp.28’s temperature decreased 
significantly. In addition, the Exp.42’s temperature faced a gradual decrease. The final achieved 
temperature values were 40.6 ̊ C and 37.8 ̊ C for the Exp.28 and Exp.42, respectively. 
Ammonia removal efficiency (Fig.4-18a) of the Exp.28 (Graphite rods) was insignificantly higher 
than the Exp.42 (Graphite plate) with a difference of 0.11%. The obtained efficiencies were 
99.35% ±0.018 and 99.24 % ±0.1% for the Exp.28 and Exp.42, respectively. However, the graphite 
plate (Exp.42) as an anode led to obtain a significant higher TKN removal (Fig.4-18b) in 
comparison with the graphite rods. The measured difference was 0.87% and the Exp.42’s removal 
efficiency was equal to 98.63% ± 0.12%. In addition, the total nitrogen removal efficiency (Fig.4-
18c) of Exp.42 was slightly higher (by 0.4%) than the Exp.28. The maximal removal efficiency 
was achieved by the Exp.42 with the value of 96.55% ± 0.15%. The most remarkable enhancement 
was observed for the organic nitrogen removal efficiency (Fig.4-18d) while graphite plate was 
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used as anode. The achieved efficiency was 96.4% ± 0.26%  while Exp.28’s removal efficiency 
was 91.96% ± 0.04%.  
 Therefore, based on Stage 2-1 and Stage 2-2 results, using graphite plate would be preferable due 
to higher TKN, total nitrogen and organic nitrogen removal efficiency.  
 
Figure 4- 18 Removal efficiencies of the pollutants for stage 2-1 and 2-2; a) ammonia removal efficiency; 
b) TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
 
4-2-2. Stage 2-3 analysis 
One of the challenges of upscaling of the electrochemical wastewater treatment process is a high 
energy consumption. To overcome the described challenge, it is crucial to introduce solutions 
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which are providing solutions to adjust the current and voltage of the electrokinetic reactor. Since 
the input of the system is constant current, the only direct way to lessen energy consumption is 
reduction of applied current. So, three distinctive current densities were considered: 21.37 
mA/cm2, 13.72 mA/cm2, and 33.33 mA/cm2. To consider a higher anode surface area, the Exp.28 
(current density of 21.37 mA/cm2) and Exp.41 (current density of 13.72 mA/cm2) were run by 
using graphite rods as anode and the provided constant current were 10.48 A and 6.73 A, 
respectively. Also, the Exp.42 (33.33 mA/cm2) was run by using graphite plate and the provided 
current was 11.96 A.  
The voltage variations (Fig.4-19a) showed that voltage was slightly increased in the Exp.41 
(current density of 13.72 mA/cm2) during the first 24 hour period, and it reached 5.24 V from the 
initial 5.14 V. While the Exp.41’s voltage was gradually decreased during the second 24 hour 
exposure time and the obtained value was 5.08 V at 48 hours. During the third 24 hour-period 
(from 48 hours to 72 hours), the voltage was stabilized for the Exp.42. The final voltage was 5.10 
V and the difference was 0.02 V throughout the entire 72-hour exposure time. The fluctuations of 
voltage was less than 0.1 V in the Exp.41. Therefore, the Exp.41’s voltage was stable. The highest 
final voltage among all experiments of Stage 2-3 belonged to the Exp.28 (current density of 21.37 
mA/cm2). The variation of voltage for the Exp.28 and Exp.42 were fully described in Section 4-2-
1. 
The pH changes (Fig.4-19b) of the Exp.41 (13.72 mA/cm2) was fit to variation curves of the other 
experiments. The difference was relatively small and the final achieved pH was 0.87 after 72 hours. 
The sharpest decrease was observed during the first 24 hour-period and pH reached 1.5. The 
recorded value for Exp.41 was the highest among all achieved results at 24 hours. However, the 
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final magnitude was not placed as the highest pH among all experiments and it can be considered 
as an intermediate one in comparison with other runs. 
The ORP variations (Fig.4-19c) showed that the tendency of the Exp.41 (current density of 13.72 
mA/cm2) was ascending throughout the exposure time. During the first 24 hour period, ORP 
increased notably and the reaction state was transmuted to oxidation state (52.7 mV) from the 
initial reduction state (-31.8 mV). The sharpest increase was observed meanwhile the second 24 
hour exposure time (from 24 hours to 48 hours). The ORP of Exp.41 reached 232.2 mV from 52.7 
mV. Exp.41 experienced a steady increase during the last 24 hour-period (from 48 hours to 72 
hours) and its final ORP (264.2 mV) was placed in the second rank among all experiments of Stage 





Figure 4- 19 Variations of monitored parameters for the relevant experiments of Stage 2-3; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity versus time e) temperature versus 
time 
 
The conductivity changes (Fig.4-19d) of the Exp.41 (current density of 13.72 mA/cm2) was the 
smoothest among all experiments of Stage 2-3. During the first 24 hour exposure time, Exp.41’s 
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conductivity reached 80.23 mS/cm from the initial magnitude of 61.8 mS/cm. Throughout the 
second 24 hour-period, the Exp.41 experienced a sharp increase and the measured conductivity 
was 139.5 mS/cm. However, the Exp.41 faced a steady decrease meanwhile the last 24 hour 
exposure time (from 48 hours to 72 hours) and its final conductivity was recorded equals to 131.1 
mS/cm. A significant difference was observed among the Exp.41’s conductivity and the other 
experiments of Stage 2-3. For instance, the subtraction of the Exp.41’s conductivity in 72 hours 
from Exp.28 resulted 135.9 mS/cm which showed that the conductivity of the Exp.28 in 72 hours 
was 2 times more than the conductivity of the Exp.41 at 72 hours. 
 
Figure 4- 20 Removal efficiencies of the pollutants for Stage 2-3; a) ammonia removal efficiency; b) 
TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
155 
 
The temperature variations (Fig.4-19e) of the Exp.41 (current density of 13.72 mS/cm) showed 
the same trend as the Exp.28 (21.37 mA/cm2) although each point of the temperature curve of the 
Exp.28 had a higher magnitude than Exp.41’s curve. The maximum temperature of Exp.41 was 
achieved at 48 hours which was equal to 37.8 ̊ C. During the last 24 hour exposure time, Exp.41’s 
temperature steadily decreased and reached the final value of 35.3 ̊ C. 
The ammonia removal efficiency (Fig.4-20a) of Exp.41 (current density of 13.72 mS/cm) was the 
lowest among all experiments of Stage 2-3 and it was equal to 87.36% ± 0.018%. In addition, the 
Exp.41’s TKN (Fig.4-20b), and total nitrogen (Fig.4-20c) removal efficiency stood as the lowest 
one and the obtained results were 63.36 % ±0.011% and 62.2% ±0.038%, respectively. The organic 
nitrogen concentration exceeded throughout the process. Therefore, the removal percentage of the 
organic nitrogen (Fig.4-20d) provided the negative value (- 23.3% ±0.04%) in Exp.41. The 
justification of obtaining negative removal efficiency of organic nitrogen was described in detail 
in Stage 1-1. 
The results of Stage 2-3 proved that minimizing the applied current density would lead to a low 
removal efficiency of target pollutants. In addition, it is crucial to consider a lower limit for current 
density. In simple words, 21.37 mA/cm2 would be an appropriate value to apply for the upscaling 
to minimize the energy consumption. 
4-2-3. Stage 2-4 analysis 
Substituting air flow as an oxidizing agent instead of adding hydrogen peroxide is the experimental 
configuration of Stage 2-4. The is the investigation of the impact of the air diffusion on the removal 
efficiency of the target pollutants. The applied air flow was 4416 mL/min which can be considered 
as a high airflow rate. Because of experimental design limitations, the only applicable flowrate 
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was the stated one. The achieved results were only capable to evaluate the impact of high airflow 
rate. So, it would be impossible to imply whether applying airflow led to a failure or success in 
medium scale. Complete assessment of the impact of the continuous airflow diffusion can be 
considered as one of the future work of this study. The experimental design of the Exp.38 (With 
high airflow rate) was the same as the Exp.28 and the only difference was related to the type of 
oxidizing agent. 
The voltage changes (Fig.4-21a) demonstrated that the initial voltage of the Exp.38 (with a high 
airflow rate) increased to 8.06 V in the first 24 hour exposure time. During the second 24 hour-
period (from 24 hours to 48 hours), the Exp.38 faced a gradual decrease and the voltage reached 
7.8 V. Throughout the last 24 hour exposure time (from 48 hours to 72 hours), it was fair to 
consider the changes of the Exp.38’s voltage as a stabilized variation. The final recorded voltage 
was 7.88 V. During the last 24 hour-period, the actual trend of the Exp.38 was gradually ascending. 
The important point was a significant difference between the recorded voltage values of the Exp.28 
which showed that introducing a high airflow rate led to an increase in cell potential. 
The pH changes (Fig.4-21b) of the Exp.38 (with a high airflow rate) showed a similar trend like 
the Exp.28 (no air flow) and its pH significantly decreased to 0.94 from 6.45. The Exp.38’s pH 
decreased gradually meanwhile the second 24 hour-period (from 24 hours to 48 hours) and its 
obtained value was 0.46. The final measured pH was equal to 0.47 which showed that pH changes 
were stabilized during the last time interval. The comparison of the final achieved pH of the Exp.38 
with the Exp.28 revealed that using the high airflow rate resulted noteworthy reduction in pH. To 
support the mentioned statement, it is essential to mention that the difference between final 
obtained pH magnitude of the Exp.28 and Exp.38 was 0.3. The changes were stabilized during the 
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last time interval. A comparison of the final achieved pH of the Exp.38 and Exp.28 revealed that 
using the high airflow rate resulted in the significant reduction in pH. 
 The ORP variations (Fig.4-21c) showed that Exp.38 (with high airflow rate) experienced a 
relatively sharp increase in comparison with the Exp.28 (no airflow) during the first 24 hour 
exposure time. The measured value was 423.1 mV at 24 hours and it stabilized meanwhile the 
second 24 hour- period (from 24 hours to 48 hours) and reached 424.1 mV. Throughout the last 
24 hour exposure time (from 48 hours to 72 hours), the ORP gradually increased and the final 
recorded value was 432 mV. Based on observed variations of the ORP in both experiments, it can 
be interpreted that applying a high airflow rate would strongly affect the ORP increase while the 
final achieved ORP was 1.8 times higher than Exp.28 (no airflow).  
The conductivity changes (Fig.4-21d) demonstrated that using a high airflow rate as an oxidizing 
agent would significantly improve the conductivity. For instance, the conductivity momentously 
increased meanwhile the time interval from 24 hours to 72 hours and it reached 299 mS/cm at 48 
hours from 111.1 mS/cm at 24 hours. In addition, the conductivity kept increasing sharply and the 
final measured conductivity was 432 mS/cm. It is crucial to mention that the final recorded 
conductivity of the Exp.38 was the highest among all experiments of all phases. 
 Temperature variations (Fig.4-21e) showed that during the first 24 hour-period, the temperature 
significantly increased in Exp.38 (with high airflow rate) and the measured value was 52.9 ̊ C. The 
mentioned value was the highest temperature that was detected among all experiments. However, 
the temperature of the Exp.38 steadily decreased throughout the second 24 hour exposure time and 
it reached 42.3 ̊ C. The final recorded value after 72 hours demonstrated that the tendency of 
changes was ascending in the third 24 hour-period and the final detected temperature was 50.2 ̊ C. 
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Ammonia removal efficiency (Fig.4-22a) significantly decreased once a high airflow rate was used 
in the cell and the analyzed removal efficiency was 68.18% ± 0.018%. Therefore, the removal 
efficiency of the Exp.38 levelled off for 31.17% ± 0.018% in comparison with Exp.28 (using 
hydrogen peroxide). In addition, TKN removal efficiency (Fig.4-22b) of the Exp.38 fell to 75.59% 
± 0.011% that was 22.17% lower than the Exp.28’s one. The total nitrogen efficiency (Fig.4-22c) 
also decreased for to 21.39% in comparison with the Exp.28 and the obtained removal efficiency 
of total nitrogen for Exp.38 was equal to 74.71% ± 0.038%. The obtained results of organic 
nitrogen (Fig.4-22d) removal efficiency were shown that implementing high airflow as an 
alternative input of oxidizing agent led to increase the organic nitrogen concentration. The reason 
was the higher rate of ammonia removal in comparison with TKN removal which led to observe 
an increase in the differential value. Although the initial value of ammonia concentration was less 
than TKN, ammonia removal was developed faster than TKN removal which did not show a 
removal but rather an accumulation of the compound. Then, percentage   of organic nitrogen 




Figure 4- 21 Variations of monitored parameters for the relevant experiments of Stage 2-4; a) voltage 
versus time; b) pH versus time c) ORP versus time; conductivity versus time e) temperature versus time 
 




Figure 4- 22 Removal efficiencies of the pollutants for Stage 2-4; a) ammonia removal efficiency; b) 
TKN removal efficiency c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
Based on achieved results in Stage 2-4, applying the high airflow rate caused the poor removal 
efficiency of pollutants specifically for ammonia and organic nitrogen. 
Table 4-2 describes the obtained removal efficiencies of the second phase experiments. It also 
provides the remarks of the experiments to describe the distinctive experimental configuration for 
each individual Stage. It is crucial to mention that the Exp.28 and Exp.42 belongs to three stages 
and the reason to duplicate the associated results is emerging the relevant remarks. Based on 
evaluation of achieved removal efficiencies and considering the main objective of the research, 
(removal of TKN) the Exp.42’s experimental configuration is the best one and the approach of the 
upcoming phases will be optimizing the energy consumption of the described experiment. It might 
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be debatable that what is the reason of not implementing 12 h time interval of adding hydrogen 
peroxide in the experimental configuration of Phase 2. The justification is elimination of the 
demand of narrowing time interval of adding hydrogen peroxide due to achieving tenable removal 
efficiency with 24-hour time interval. Therefore, the demand of obtaining 12 h time interval would 








































Table 4- 2 Removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 2 























91.96± 0.04 Anode to cathode 
surface area ratio 
=1.56 
Anode surface area = 
490.75 cm2 
Distance between 
electrode = 5 cm 
42 99.24± 0.1 98.63± 0.12 96.65± 
0.15 
96.4± 0.26 Anode to cathode 
surface area ratio 
=1.56 
Anode surface area = 
358.75 cm2 
Distance between 
electrodes = 6.27 cm 














-23.3± 0.04 CD* equal to 13.72 
mA/cm2 
42 99.24± 0.1 98.63± 0.12 96.65± 
0.15 
91.96± 0.26 CD* equal to 33.33 
mA/cm2 













-35± 0.04 High airflow rate 
(4416 mL/min) 





4-3.  Phase 3 results and discussion 
 
 The reactor configuration of large scale reactor was developed based on the best achieved results 
of Phase 1 and Phase 2. The optimal time interval of 12 hours was obtained from Phase 1 results 
to be introduced in Phase 3 experimental design. In addition, the dimensional quotient was set to 
be 1 (DQ =1) which was approved to be the optimal value based on Phase 1 and Phase 2. According 
to Stage 2-3 results (Exp.28), current density of 21.37 mA/cm2 was considered while the anode to 
cathode surface area was set equal to 1 for the side electrodes. It might be questionable why the 
anode to cathode area ratio was changed to 1 from 1.56 which was considered in Phase 2 
experimental design (medium scale). The justification was the attempt to optimize the energy 
consumption by considering the lower applied current and recompensing the lower current with 
obtaining higher present volume of hydrogen peroxide in narrower time interval. The designed 
three compartment large scale cell was illustrated in Fig. 3-8 and its configuration was completely 
described in Section 3-2-4. 
4-3-1. Stage 3-1 analysis 
Stage 3-1 focused on investigating the impact of distance among electrodes on removal efficiency 
and mineralization of the target compounds. Two different distances (5 cm and 7.5 cm) were 
considered and the applied current was set based on exposure surface area of anodes.  
Voltage variations (Fig.4-23a) of the Exp.34 (7.5 cm gap) and the Exp.40 (5 cm gap) compartment 
1 demonstrated that the tendency of both experiments was downwards meanwhile the first 12 hour 
period and the Exp.34’s voltage reached 4.16 V from the initial value of 5.35 V and Exp.34’s 
obtained 3.4 V from the initial value equals  4.7 V. It is notable to mention that the Exp.34’s 
compartment 1 voltage was significantly higher than the Exp.40’s one throughout the process. The 
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highest observed difference was 1.21 V which occurred at 36 hours. In the remained 60 hours, the 
overall trend of the Exp.40’s voltage variations were stable, and the final voltage increased to 3.5 
V from the recorded value which was equal to 3.4 V at 12 hours. However, the Exp.34’s 
compartment 1 voltages showed an instable behavior and the peak was achieved at 36 hours which 
was equal to 4.24 V. The third compartment voltage changes showed a sharp decrease for the 
Exp.34 meanwhile the first 12 hour period in which voltage reached 5.83 V from the initial value 
of 8.03 V. Likewise, the Exp.40’s voltage decreased to 4.77 V from the initial magnitude of 6.8 
V. the Exp.34’s voltage demonstrated remarkable smooth variation in which the final voltage was 
4.85 V. However, the Exp.40’s variation was not as smooth as the Exp.34’s one while the 
difference between voltage at 12 hours and the final voltage was smaller (0.37 V) and the detected 
voltage was 4.3 V.  
 pH variations (Fig.4-23b) of compartment 1 of the Exp.34 and Exp.40 showed that a sharp 
decrease occurred in the first 12 hour exposure time. The measured pH at 12 hours were 2.01 and 
1.86, respectively. In the period between 12 hours and 36 hours based on the Exp.34, the tendency 
of pH changes was unstable, and a peak was observed with the value of 1.34 at 36 hours. However, 
in the period from 36 hours to 72 hours, the variations of pH of the Exp.34 were smooth and the 
pH values steadily decreased, and the final observed pH was 0.58. On the other hand, the Exp.40 
pH variations could be analyzed in 2 time-segments. The first segment was associated with the 
first 12 hour period which was completely described and the second one focused on the period 
between 12 hours and 72 hours. The Exp.40 experienced the smooth variations in which the final 
obtained pH was 0.99. Therefore, compartment 1 of the Exp.34 can be more acidic in comparison 
with the Exp.40’s one. The results of  
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 Compartment 2 demonstrated that except the first 24 hours, the curves of pH variations of both 
experiments were partially fitted, and from 24 hours to 72 hours, both experiments faced the 
smooth changes and the gradual decreases. In addition, the final achieved pH values were 0.58 and 
0.54, respectively. Meanwhile the first 12 hour exposure time, both experiments faced the sharp 
decreases and the obtained pH were 2.44 and 1.91, respectively. However, the pH changes of the 
Exp.34 were sharper than the Exp.40’s one meanwhile the second 12 hour period and the Exp.34’s 
pH at 24 hours was equal to 1.19. On the other hand, Exp.40’s pH was 1.29 at 24 hours. 
 pH changes of compartment 3 meanwhile the first 12 hour period are distinctive in comparison 
with other compartments. The Exp.34’s pH reached 2.4 while the Exp.40’s pH at 12 hours was 
equal to 1.26 (The most acidic pH in comparison with all compartments at 12 hours). The Exp.34’s 
pH steadily decreased meanwhile the remained 60 hours and the final obtained pH was 0.55. On 
the other hand, the Exp.40’s pH analysis required to define three periods. The first period was 
allocated to the first 12 hour period which has been already discussed completely. The second 
period was defined as the period between 12 hours to 48 hours, and the last period was started 
from 48 hours to 72 hours. Meanwhile the second time interval, the pH smoothly and gradually 
decreased from 1.26 at 12 hours to 0.68 at 48 hours. Throughout the third time segment, the pH 
changes curve experienced an increase at 60 hours and its value was equal to 0.95. While the pH 
decreased and reached 0.72 at 72 hours. 
ORP variations (Fig.4-23c) of Stage 3-1 experiments (Exp.34 (7.5 cm gap) and Exp.40 (5 cm gap) 
in compartment 1 demonstrated that the Exp.34’s ORP gradually increased meanwhile the first 12 
hour period and it reached 0.83 mV from the initial value of -21.7 mV. In contrast, the Exp’40’s 
ORP experienced a sharp increase during the first 12 hour interval and obtained 92.2 mV ORP. It 
can be interpreted that the Exp.40 was shifted to oxidation state relatively quicker than the Exp.34 
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during the first 12 hour exposure time. The Exp.34’s variations can be assessed by considering 
three distinctive time segments which are initial to 12 hours, 12 hours to 36 hours and finally 36 
hours to 72 hours as the first, second, and third segment, respectively. The first time segment 
relevant ORP variations were described completely. Meanwhile the second time segment, the 
Exp.34’ORP steadily increased (65.1 mV) during the second 12 hour period, and gradually 
declined (57.67 mV) throughout the third 12 hour period. Meanwhile the third time segment ORP 
was increased in the period between the third 12 hour exposure time and fifth 12 period (36 hours 
to 60 hours) and it reached 352.37 mV. Then, the Exp.34 experienced a steady increase during the 
last 12 hour period and obtained 401 mV as final ORP. In addition, to assess the variation of ORP 
of the Exp.40, defining three time segments was required while they were the same as the Exp.34’s 
time segments. Meanwhile the second time segment (12 hours to 36 hours), ORP value increased 
to 413.5 mV from 92.9 mV. When the third time segment changes were smoother in comparison 
with the second one in which the Exp.40 experienced an steady increase in the fourth 12 hour 
period (439.1 mV from 413.47 mV) while the ORP gradually decreased in the remained 24 hours 
(the fifth and sixth 12 hours). The final obtained ORP of the Exp.40 in compartment 1 was 418.53 
mV. 
In compartment 2, the tendency of ORP variations was upwards during the first 12 hour period for 
both experiments and the measured ORP values were 88.97 mV and 0.86 mV for the Exp.34 and 
Exp.40, respectively which increased from initial values of -21.7 mV. The ORP of the Exp.34 
changed steadily during the second 12 hour exposure time, and reached 59.83 mV. In the period 
of 24 to 48 hours, the Exp.34’s ORP increased to 308.63 mV from 59.83 mV. ORP variations of 
the Exp.34 increased steadily and the final obtained value was 399.23 mV. The Exp.40’s ORP 
increased to 471.73 mV from 89.97 in the period of 12 hours to 48 hours. While throughout the 
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fifth and sixth 12 hour exposure time, the trend of variations was downwards, and the final obtained 
pH was 407.93 mV. The remarkable difference between the ORP values showed that except the 
final converged ORP, a difference between graphs was in the range of the lower limit of 88.11 mV 
(at 24 hours) and the upper limit of 250.77 mV (at 24 hours). 
ORP changes of compartment 3 can be assessed by considering three time segments for the Exp.34 
(initial to 24 hours as segment 1, 24 hours to 48 hours as segment 2 and 48 hours to 72 hours as 
segment 3) and two time sections (Initial to 48 hours as section 1 and 48 hours to 72 hours as 
section 2) for the Exp.40. Meanwhile the first time segment, the Exp.34 experienced an steady 
increase and the reactor is shifted to oxidation state with obtaining 0.13 mV at 12 hours. In 
addition, the measured pH at the end point of the first time segment (24 hours) was equal to 57.4 
mV. Throughout the second time segment, ORP increased to 293.33 mV at 48 hours which showed 
that proceeding oxidizing reactions had high potential. ORP changes meanwhile the last time 
segment was sharp and the ORP increased to 400.33 mV from 293.33 mV. The Exp.40’s ORP 
meanwhile the first time section (0 to 48 hours) increased to 473.33 mV from initial value of -21.7 
mV. The results showed that the transmute of ORP to oxidation state was quicker than the Exp.34’s 
ORP meanwhile the first 12 hour period. Throughout the second time section, the Exp.40 faced a 
steady decrease and ORP reached 400 mV which was approximately equal to the final ORP of the 
Exp.34. There was a significant offset between the Exp.34 and Exp.40 compartment 3 curves. The 
highest difference was observed at 36 hours which was equal to 241.1 mV while both curves 
converge at 72 hours. 
The conductivity curve (Fig.4-23d) of the Exp.34 (7.5 cm gap) in compartment 1 showed that the 
tendency was instable and three time segments were required to provide precise analysis. The first, 
second, and third time segments was initially to 36 hours, 36 hours to 60 hours and 60 hours to 72 
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hours, respectively. In the first time segment, the Exp.34’s conductivity increased steadily up to 
88.8 mS/cm during the first 24 hour period and increased to 145.2 mS/cm meanwhile the third 12 
hour period. Throughout the second time segment, the Exp.34 faced a significant decline and 
reached 114.2 mS/cm. In the other words, 34 mS/cm decrease was observed in the second time 
segment. In the third time segment, the conductivity increased to 199.47 mS/cm at 72 hours which 
showed a 85.27 mS/cm increase from measured conductivity at 60 hours. In contrast, the Exp.4’s 
conductivity increased smoothly meanwhile the process and the final obtained conductivity was 
equal to 261 mS/cm at 72 hours. The significance difference was observed in conductivity in 
compartment 1 between Exp.34 and Exp.40 (approximately 61.2 mS/cm). 
The results generated in compartment 2 indicated that the trends of variations were similar to 
compartment 1 except the conductivity variation in  the Exp.34 meanwhile the fifth and sixth 12 
hour period. The semi stabilized behavior was observed throughout the fifth 12 hour exposure time 
in which the conductivity increased to 114.13 at 60 hours from 108.27 mS/cm at 48 hours). In 
addition, throughout the sixth 12 hour period, conductivity increased to 208.87 mS/cm which was 
around 9 mS/cm higher than the final observed conductivity in compartment 1. The Exp.40 showed 
the similar smooth variations like compartment 1 and the final obtained conductivity was 260 
mS/cm, which was almost the same as compartment 1 final conductivity.  
The conductivity variations of the Exp.34 in the compartment 3 is distinctive in comparison with 
the other compartments. Three time segments should be defined (initial to 24 hours, 24 hour to 48 
hours, 48 hours to 72 hours as segment 1, segment 2, and segment 3, respectively) to assess the 
variations analysis. Throughout the first time segment the conductivity increased steadily and 
reached 88.03 mS/cm at 24 hours from initial value of 61.4 mS/cm. Meanwhile the second time 
segment, the Exp.34 experienced a sharp increase during the third 12 hour period and attained 
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147.7 mS/cm. While it faced a significant decrease throughout the fourth 12 hours and obtains 
114.23 mS/cm. Throughout the third time segment, conductivity increased to 199.47 mS/cm and 
fell back to 154.15 mS/cm at 72 hours. However, the Exp.40’s conductivity curve in compartment 
3 demonstrated an alike behavior like the compartment 1 and compartment 2 which smoothly 
increased meanwhile the process. The final achieved conductivity was 264 mS/cm.  
 The interpretation of conductivity results indicated that the conductivity magnitude which were 
obtained in each compartment of the Exp.34 were directly impacted by larger distance between 
electrodes (7.5 cm). In addition, the offset between curves were identical through the last 24 hour 
exposure time. The mentioned results construed that the increase in distance between electrodes 
led to nonlinearity of conductivity variations. The reason was the significant gradient in current 
intensity (the magnitude of an electric current as measured by the quantity of electricity crossing 
a specified area of equipotential surface per unit time), which was the consequence of an increase 
in distance between electrodes. In contrast, all compartments conductivity curves of the Exp.40 
were fitted with maximum difference of 3 mS/cm between each two compartments. 
Temperature variations (Fig.4-23e) of compartment 1 showed that temperature values of both 
experiments increased meanwhile the first 12 hour period and the Exp.34’s and Exp.40’s 
temperature values reached 44.5 ̊ C and 47.8 ̊ C from the initial 12.5 ̊ C. Throughout the second 12 
hour exposure time, the Exp.34’s temperature increased to 46.9 ̊ C while the Exp.40’s temperature 
gradually decreased and obtained 46.9 ̊ C. The Exp.34’s temperature smoothly declined and the 
final obtained value at 72 hours was 43.5 ̊ C. While on the other hand, the Exp.40’s temperature 
declined to 40.3 ̊ C meanwhile the third 12 hour period. Throughout the fourth 12 hour period, 
temperature slightly increased (43 ̊ C at 48 hours). During the fifth and sixth 12 hour exposure 
time, the temperature smoothly decreased and obtained the final value of 39.7 ̊ C. 
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The temperature variations in the compartment 2 were distinctive and the highest temperature 
among all compartments was achieved by the Exp.40 at 12 hours which increased to 48.9 ̊ C from 
initial 12.5 ̊ C. In addition, the Exp.34’s temperature sharply increased to 46.8 ̊ C. Throughout the 
second 12 hour period, Exp.34’s temperature increased to 48.1 ̊ C whereas the trend of variations 
smooth declined throughout the remained exposure time and obtained 44 ̊ C. From 12 hours to 36 
hours, the Exp.40’s temperature smoothly declined during the second and third 12 hours. In the 
following time interval, a sharp decline reached 40.8 ̊ C. Whereas temperature increased to 44.1 ̊ 
C in the next 12 hours. The last recorded temperature which was obtained after a gradual decrease 
meanwhile the last 12 hour period was equal to 41.4 ̊ C 
Temperature variations in compartment 3 demonstrated that temperature of both experiments 
(Exp.34 and Exp.40) increased to 44.6 ̊ C Also, both experiments (Exp.34 and Exp.40) kept an 
upward trend in the second 12 hour exposure time and obtain 49.4 ̊ C and 51.6 ̊ C, respectively. 
The Exp.40’s temperature at 36 hours with the magnitude of 51.6 ̊ C was the highest recorded 
temperature among all compartments. In the following time interval, the Exp.34’s temperature 
steadily declined and reached 47.2 ̊ C. Whereas, the Exp.34’s temperature increased, and the 
measured value was 46.9 ̊ C at 48 hours. For the last 24 hour period, the Exp.34 experienced a 
gradual decline led to the final temperature of 42.7 ̊ C. the Exp.40’s temperature smoothly 
decreased throughout the interval of 24 hours to 72 hours and reached 42.7 ̊ C. As it was expected 
the highest temperature was obtained in compartment 3 which was under exposure of the highest 
current (14.54 A and 16.59 A for the Exp.34 and Exp.40, respectively). The reason was the 




Figure 4- 23 Variations of monitored parameters for the relevant experiments of Stage 3-1; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity versus time e) temperature versus 
time 
 
  The values of removal efficiency of the target pollutants were investigated in 60 and 72 hours for 
the Exp.34 (7.5 cm gap) and the Exp.40 (5 cm gap). According to Figure 4-24, the removal 
efficiency of ammonia, TKN, total nitrogen, and organic nitrogen in Exp.40 were significantly 
higher than the Exp.34’s results. Ammonia removal efficiency (Fig.4-24a) of the Exp.34 (78.57 % 
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± 0.018%) was significantly lower than the Exp.40’s efficiency (98.97% ± 0.018%). The Exp.34’s 
efficiency enhanced at 72 hours and obtained 88.51% ± 0.018%. However, the ammonia removal 
efficiency of the Exp.40 gave better results and reached 99.45% ± 0.018%. TKN removal 
efficiency (Fig.4-24b) of the Exp.40 (96.6% ± 0.011) was 28.34% higher than the Exp.34 (68.24% 
± 0.011%) at 60 hours. Whereas the difference between the obtained values in the Exp.34 and 
Exp.40 decreased to 16.82% at 72 hours. The Exp.34 and Exp.40 achieved 81.59% ± 0.011% and 
98.41% ± 0.011% efficiency, respectively. 
 
Figure 4- 24 Removal efficiencies of the pollutant for Stage 3-1; a) ammonia removal efficiency; b) TKN 





 Total nitrogen (TN) removal efficiency (Fig.4-24c) in the Exp.34 and Exp.40 demonstrated that 
the difference between TN removal efficiency of Exp.34 and Exp.40 one was similar to TKN one. 
Furthurmore ,the obtained TN difference was 30.02% . In addition, the achieved removal 
efficiency values were 65.95% ± 0.038% and 95.97% for the Exp.34 and Exp.40, respectively. 
The removal efficiency of the Exp.34 significantly boosted meanwhile the last 12 hour period and 
the final obtained removal efficiency was 79.33% ± 0.038%. it experienced 13.38% ± 0.038% 
increase menwhile the last 12 hour exposure time. However, the total nitrogen removal efficiency 
of the Exp.40 was far higher (97.45% ± 0.038%) than the Exp.34 
 Fig.4-24d illustrates the removal efficiency of the organic nitrogen. The results of the Exp.34 
showed that 30.44% ± 0.04% of organic nitrogen was removed after 60 hours. While the Exp. 40 
the removal efficiency of organic nitroen was 87.88% ± 0.04% by considering 5 cm distance 
among electrodes  and  60 hour treatment. Consequently,  a difference equals to  57.44% was 
observed between Stage 3-1’s experiments (Exp.34 and Exp.40) . The Exp.34 experienced a 
remarkable increase (26.23%) in organic nitrogen removal efficiency during the last 12 hour 
interval and obtained 56.67% ± 0.04%. Whereas, the Exp.40 reached 94.63% ± 0.04% efficiecncy 
which was 37.96% higher than in the Exp.36. 
  Based on the  removal efficiency analysis, applying 5 cm would be an approperiate approach to 
follow in Phase 3 and Phase 4 of  the research. Applying 7.5 cm distance required a higher current 
density due to the nonlinear changes in the resistivity of the cell once the distance among alectrode 
increased. Therefore, obtaining 21.37 mA/cm2 (applied current density of 5 cm gap) would not 




4-3-2. Stage 3-2 analysis 
 Stage 3-2 concnetrared on the impact of hydrogen peroxide purity on removal efficiencies of the 
target pollutants. Due to the fact that the purity of hydrogen peroxide  directly effects the available 
mass of hydrogen peroxide which is introduced to the system, investigiating different purities 
come into consideration. The vision is reducing the exposure time for 12 hours (total time of 60 
hours instead of 72 hours) by adding 50% purity hydrogen peroxide instead of 30% one.  
In addition, using 50% hydrogen peroxide is expected to significantly decrease the cost 
consumption due to its low price and consequence reduction in process exposure time.The molar 




The variations of the Exp.40 (50% puritiy H2O2) were discussed in Stage 3-1 .So, the overal trend 
od the Exp.40 would be disccused in Stage 3-2 while the variations of the monitoring parameter 
in Exp.47 would be discussed in detail. 
The results of compartment 1 in the Exp.47 demonstrated that voltage fluctuations (Fig.4-25a) 
were intense during the first 36 hour exposure time although the variaitons were stabilized 
throughout the remianed exposure time. Furthermore, the overal measured voltage of the Exp.47 
was higher than the Exp.40’s during 12 to 72 hours. No sharp decrease was observed during the 
process and the highest decline was detected in the first 12 hour exposure time ( From 3.96 V to 
3.63 V). While the voltage was recovered to 3.86 V during the second 12 hour period. In the 
remaining time,  the voltage values fluctuated between 3.86 V and 3.72 V and the end point value 
was 3.75 V. Results of the Exp.40 determined that voltage significantly declined in the first 12 
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hour period. Next, the voltage gradually decreased during the second 12 hour period. Throughut 
the remained exposure time, voltage  stabilized and the final value  was 3.4 V.  
The results in compartment 3 revealed that the Exp.47’s voltage steadily decreased to 4.01 V from 
initial 5.39 V meanwhile the first and second 12 hour periods. Throughout the remaining 48 hours, 
voltage fluctuated between 4.01 V to 3.73 V and the final obtained value was 3.77 V. In contrast, 
the voltage values of the Exp.40 in  compartment 1  were slightlty higher than the Exp.47’s ones. 
In addition, the averaged difference was 0.63 V. Using the hydrogen peroxide with 50% putity led 
to the stabilization of the voltage in compartment 1. On the other hand, a smooth trend was 
observed   in compartment 3. 
 The pH results of the Exp.44 in compartment 1 (Fig.4-25b) demonstrated  that pH fell shaply to 
2.44 from initial 6.85 meanwhile the first 12 hour period. pH continued decreasing steadily 
throughout the second 12 hours and reached 1.27. Unexpectedly, pH smoothly increased 
meanwhile the remained 48 hour exposure time and the final measured pH was equal to 1.59. The 
averaged difference between Exp.40 and Exp.47 results was 0.38. 
 pH outcomes of the Exp.47 in compartment 2 showed that throughout the first 12 hour exposure 
time, pH significantly decreased to 2.68 and kept  declining to 1.52 meanwhile the second 12 hour 
interval. However, during the remained 48 hours, pH smoothly increased to 1.59 which was equal 
to the final pH of compartment 1. In addition, the overal trend of the reuslts of Exp.47 in 
compartment 2 was similar to compartment 1. The average difference between Exp.47 and Exp.40 
results was 0.54 and the Exp.47’s results demonstrated the higher values for pH in comparison 
with Exp.40’s ones. 
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The last compartment results of the Exp.47 were distinctive in comparison with the Exp.40 
considering the last 12 hour period  results. A significant difference with the Exp.40’s pH was 
observed at 12 hours which was 1.46 and the value of  the Exp.47’s pH was 2.69. pH steadily 
declined meanwhile the following 24 hours and measured pH at 36 hours was 1.33. From 36 hours 
to 60 hours, pH gradually increased to 1.65. During the last 12 hour period, pH surprisingly 
declined and the final pH was 1.47. The average difeerence between the Exp.40 and Exp.47 was 
0.7 which showed the highest observed difference among all compartments. Furthermore,  the 
Exp.47’s pH was significantly higher than the results in Exp.40 . 
Compartment 1 ORP results (Fig.4-25c) indicated that the Exp.47 (30% purity H2O2) experienced 
a gradual decrease from -21.7 mV to -26 mV menwhile the first 12 hour period. While ORP value 
increased throughout the second 12 hour period and the measured pH was 276.8 mV at 24 hours. 
ORP magnititude gradually declined to 270.9 mV during the third 12 hour period. ORP steadily 
increased to 311.87 in the fourth 12 hour exposure time while the tendency of variations were 
downwards during the fifth 12 hour period. At last, ORP sharply increased throughout the last 12 
hour exposure time and it reached 373.1 mV. The overall ORP of the Exp.40 was higher than the 
Exp.47’s one, and the averaged considerable difference was 87.39 mV. 
 Compartment 2 showed similar tendency as compartment 1 with respect to on the Exp.47 
variations in ORP. Meanwhile the first 12 hour period, ORP steadily decreased to -36.73 mV from 
initial -21.7 mV. However, the tendency changed during the second, and third 12 hour periods and 
ORP increased substantially to 348.17 mV while the measured ORP at 24 hours was 234.9 mV. 
The variations were stabilized hroughout the fourth 12 hour period and the measured ORP at 48 
hours was 355.48 mV. ORP steadly declined to 323.25 mV in the fifth 12 hour period and finally, 
the ORP tendency was upward throughout the last 12 hour period and the etected ORP at 72 hours 
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was 387 mV which was close to the Exp.40’s final ORP (407.93 mV). The average difference 
between compartment 2 results was 64.46 mV which was significantly lower than compartment 1 
one. 
 Compartment 3 results of the Exp.47 demonstrated the sharpest decrease among all compartments 
throughout the first 12 hour  exposure time and the measured ORP was -39.77 mV. Follwoingly, 
ORP tendency was strongly upwards meanwhile the second and third 12 hour period and the 
measured ORP at 36 hours was equal to 291.47 mV. Through the fouth and fifth 12 hour period, 
ORP gradually decreased to 275.5 mV and the tendency of the last 12 hour exposure time was 
upwards and the final ORP was 359.23 mV. The average difference between Exp.40 and Exp.47 
ORP was 100.62 mV which was the highest observed difference among all compartments and the 
Exp.40’s ORP was higher than the Exp.47’s one during the entire process time. 
Analyzing the ORP results revealed that using hydrogen peroxide with 30% purity provides lower 
ORP in comparison with 50% purity hydrogen peroxide and the offset between curves was 
intensified meanwhile the third, fouth, and fifth 12 hour period for all three compontents. 
Conductivity curves (Fig.4-25d) of the Exp.47 showed the similar values for three components 
and the curves were partially fitted with averaged 2.5 mS/cm offset. The same behavior was 
observed for the Exp.40 in which the conductivity curves had 2 mS/cm offset. Therefore, it would 
be logical to assess the analysis for one compartment and consider it as the representative of system 
behavior. Compartment 2 was selected as the representative regions. In the first 12 hour period, 
the Exp.47’s conductivity increased sharply and reached 112.67 mS/cm and it was gradually 
increasing during the second 12 hour exposure time and the obtained value was 117.8 mS/cm at 
24 hours.Through the thrid, fourth, and fifth 12 hours, the conducivity sharply increased to 237.5 
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mS/cm. The final measured conductivity was 261 mS/cm. The average difference between 
conductivity values of the Exp.40 and Exp.47 was 11.85 mS/cm while compartment 1 and 
compartment 2 average differences were 13.64 mS/cm and 15 mS/cm, respectively. Overall, the 
achieved conductivity of the Exp.40 was higher than the Exp.40’s one and the results analysis 
proved that using 50% purity hydrogen peroxide as an oxidizing agent will provide higher 
conductivity. 
Compartment 1 results of temperature (Fig.4-25e) demonstrated that both experiments (Exp.40 
and Exp.47) experienced a sharp increase and reached 45.3 ̊ C and 47.8 ̊ C, respectively. The 
tendency of the Exp.47’s temperature variations was steadily downwards throughout the interval 
of 12 hours to 60 hours and the obtained temperature at 60 hours was 40.4 ̊ C. While the decreasing 
trend was intensified in the following 12 hour period (The last 12 hour exposure time) and the final 
obtained temperature was 31.6 ̊ C. The variations of the Exp.40’s temperature was fully discussed 
in Stage 3-2 relevant temperature results. It is notable to mention that the Exp.40’s temperature 
was higher than Exp.47’s one through the process time. The averaged difference between curves 
(offset) was 2.38 ̊ C. 
Compartment 2 results showed that the Exp.47 faced a sharp increase throughout the fisrt 12 hour 
exposure time and the obtained temperature was 46.2 ̊ C. While on the other hand, temperature 
decreased to 41.5 ̊ C. Temperature was stabilized and gradually decreased meanwhile the second, 
third, and fourth 12 hour period and the measured temperature at 48 hours was 42.6 ̊ C. Throughout 
the fifth and sixth 12 hour interval, temperature sharply declined and the final detected temperature 
was 31.7 ̊ C. In compared with the Exp.40’s results, the Exp.47’s temperature magnitude were 
steadily lower and the averaged diference between two curves was 4.41 ̊ C. 
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Compartment 3 results demonstrated a destinctive behaviour meanwhile the first 12 hour exposure 
time because of achieving the higher temperature for the Exp.47 (50.1 ̊ C) in compared with Exp.40 
(44.6 ̊ C). Throughout the remained 60 hours, temperature of the Exp.47 was downward and the 
final measured temperature was 31 ̊ C. The averaged difference between Exp.40 and Exp.47 cuves 
was 5.73 ̊ C which was stand as the highest difference among all compartments.  
 Ammonia removal efficencies (Fig.4-26a) of the Exp.40 (50% purity H2O2) and the Exp.47 (30% 
purity H2O2) were 98.97% ± 0.018% and 99.46% ± 0.018%, respectively at 60 hours. In addition, 
based on experimental anaysis the calcuated ammonia removal efficiencies of the Exp.40 and 
Exp.47 were 99.45% ± 0.018% and 99.48% ± 0.018% correspondigly. Therefore, using 30% purity 





Figure 4- 25 Variations of monitored parameters for the relevant experiments of Stage 3-2; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity time e) temperature versus time 
 
TKN removal efficacy of the Exp.47 (Fig.4-26b) was superior in comparison witth the Exp.40’s 
one at 60 hours (96.6%± 0.011% for the Exp.40 and 97.8%± 0.011% for Exp.47) which 
demonstrated 1.6% higher efficiency. In contrast, the Exp.40’s efficiency at 72 hours (98.41% ± 
0.011%) was higher than the Exp.47’s one (97.18% ± 0.011%) and a slight decrease in efficiency 
of the Exp.47 was observed between 60 hours and 72 hours. The mentioned decline was initiated 
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from transformation of TKN to nitrite and subsequently nitrate which proved on consequence 
decrease in total nitrogen removal. 
Total nitrogen removal efficaies (Fig.4-25c) of the Exp.40 and Exp.47 were 95.97% ± 0.038% and 
95.76% ± 0.038% repectively at 60 hours. In addition, at 72 hours, the Exp.40 gives 97.45% ± 
0.038% removal efficiency with respect to the total nitrogen while on the other hand, the achieved 
removal efficiency of the Exp.47 was 95.76% ± 0.038%. The higher removal efficiency of the 
Exp.40 compared with Exp.47 demonstrated the excellency of total nitrogen once 50% purity 
hydrogen peroxide was used. 
 The last reponse parameter which was analyzed was the organic nitrogen removal efficiency 
(Fig.4-26d). At 60 hours, the Exp.47 demonstrated a better removal efficiecny in comparison with 
the Exp.47 and 4.34% differnce was observed. The achieved removal efficiencies of the Exp.40 
and Exp.47 were 87.88% and 92.22%. However, the Exp.40’s efficiacies suprisingly boosted and 
reached 94.63% at 72 hours  while its efficiency was 3.58% higher than the Exp.47 with removal 
efficiency of 91.05%. 
Therefore, based on the achieved removal efficiencies, it was preferable to use the hydrogen 
peroxide with 50% purity. The reason was higher removal efficiencies of TKN, total nitrogen and 





Figure 4- 26 Removal efficiencies of the pollutants for Stage 3-2; a) ammonia removal efficiency; b) 
TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
 
4-3-3. Stage 3-3 analysis  
Stage 3-3 focused on the impact of molar ratio of adding hydrogen peroxide with respect to the 
present homogenous catalyst (Ferrous ions) in the raw wastewater. The obtained molar ratio of 
hydrogen peroxide and ferrous ions (3.44/1 
H2O2
Fe2+
 ) in Phase 1 and Phase 2 followed in Phase 3, 
Exp.36. In addition, the molar ratio of 3.81/1 
H2O2
Fe2+
  was considered for the Exp.40 to investigate 
the influence of the increase in volume of hydrogen peroxide on response outcomes.  
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 The Exp.40’s (Molar ratio of 3.81/1 
H2O2
Fe2+
 ) variations were discussed in Stage 3-1 relevant results 
and focusing on overall trend in comparison with the Exp.44 (30% purity H2O2) was the approach 
of studying the Exp.40’s results in Stage 3-3. 
The voltage variations in compartment 1 (Fig.4-27a) demonstrated that the Exp.36 experienced a 
sharp decline in the first 12 hour period and reached 3.1 V from initial 4.5 V. Throughout the 
second and third 12 hour exposure time, voltage gradually decreased and the obtained voltage at 
36 hours was 3.27 V. In contrast, the voltage declined steadily and reached 2.77 V in the fifth 12 
hour exposure time. Throughout the last 12 hour period, the tendency of voltage variations was 
upwards and the detected voltage at 72 hours was 2.96 V. Comparing the Exp.40’s voltage 
variations, the Exp.36’voltage fluctuated more specifically during the last 24 hour exposure time. 
The average offset between voltage curves of the Exp.36 and Exp.40 was 0.37 V. 
The voltage variations in compartment 3 showed that the Exp.36’s voltage significantly fell to 4.46 
V from initial 7.73 V. Then, the voltage steadily increased to 5.4 V meanwhile the second 12 hour 
period. Throughout the interval of 24 hours to 48 hours, the voltage of the Exp.36 smoothly 
declined to 4.81 V. Unexpectedly, the Exp.36’s voltage remained constant during the fifth 12 hour 
exposure time. The tendency of variations was downwards meanwhile the last 12 hour exposure 
time and the final measured value of voltage was 4.62 V. Comparing the Exp.36 and Exp.40 
voltage curves reveals that the voltage of the Exp.36 in compartment 3 was majorly higher than 
the voltage of Exp.40. Furthermore, the averaged offset between voltage curves was 0.44 V. 




 )  and the Exp.40 (molar ratio of 3.81/1 
H2O2
Fe2+
 ) were fitted in the time interval of 36 
hours from the beginning. In addition, the only minor offsets were observed throughout the fourth 
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and fifth 12 hour exposure time. The Exp.36 gave lower pH at 48 hours and 60 hours with the 
values of 0.68 and 0.7, respectively. In addition, throughout the last 12 hour exposure time, pH 
increased to 0.99. The averaged offset between Exp.36 and Exp.40 curves was 0.05 which can be 
considered as negligible offset. 
The results of compartment 2 indicated that the Exp.36’s pH significantly declined to 1.3 from 
initial 6.8 throughout the first 12 hour period. During the second and third 12 hour interval, pH 
steadily decreased to 1.4 and both curves of the Exp.36 and Exp.40 curves were fitted. However, 
an offset between the Exp.36 and Exp.40 was observed throughout the fourth 12 hour exposure 
time and the detected pH was 0.7 at 48 hours. Then, the pH stabilized at 0.69 in the fifth 12 hour 
period and the final detected pH was 0.32. it was the most acidic pH that was observed in 
compartment 1 of experiments in Phase 3. In addition, the average difference was equal to 0.13 
which was stand as the highest offset among all three compartments of Stage 3-3.  
 pH curves of compartment 3 was fitted with the Exp.40 during the first 12 hour exposure time and 
reached 1.36. So, it can be considered as the sharpest decrease among all experiments of Phase 3 
which occurred meanwhile the first 12 hour interval. During the second 12 hour period, pH 
declined and gave 1.28. Then, pH gradually fell to 0.94 and kept declining up to 0.8 at 48 hours. 
Throughout the fifth 12 hour period, pH slightly stabilized and declined to 0.78. However, pH 
steadily declined throughout the last 12 hour period and the measured pH was 0.66. In addition. 
the averaged difference was equal to 0.024 which was the half of compartment 1 relevant offset.  
 ORP changes (Fig.4-27c) of the Exp.36 (Molar ratio of 3.44/1 
H2O2
Fe2+
 ) in compartment 1   
demonstrated that meanwhile the first 12 hour period, ORP steadily increased to 10.8 mV from 
initial -21.7 mV. Furthermore, ORP increased throughout the second and third 12 hour exposure 
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time and reached 400.63 mV at 36 hours. Based on the achieved results, it can be interpreted that 
the reactions taken place in the oxidation state and the evolution of organic compounds degradation 
in the second and third 12 hour period. Consequently, The observed phenomenon can be 
considered as an indicator for the occurrence of oxidation reactions. The ORP kept increasing 
meanwhile the fourth and fifth 12 hour exposure time and the measured ORP at 60 hours was equal 
to 482.23 mV. Unexpectedly, ORP fell to 356.7 mV during the last 12 hour period. The ORP of 
the Exp.40 (molar ratio of 3.81/1 
H2O2
Fe2+
 )  was higher than the Exp.36’s one during the first 36 hour 
period. The reason was the higher volume of hydrogen peroxide input in Exp.40 which was added 
each 12 hour. However, the Exp.40’ ORP was less than the Exp.36’s one in the fourth and fifth 12 
hour period. The reason was probably the formation of intermediates throughout oxidation that 
were more difficult to remove [4-9]. Therefore, the oxidation reactions could not be thoroughly 
developed and shift to oxidation state. The averaged offset between the Exp.36 and Exp.40 curves 
was 54.38 mV and Exp.40’s ORP was higher than the Exp.36’s one. 
 It was crucial to consider that a high oxidation state does not guarantee the high removal 
efficiencies of organic compounds. But, the high oxidation potential could be assessed as an 
indicator for progress of oxidation process. 
Compartment 2 results of the Exp.36 demonstrated the same tendency as compartment 1 although 
the ORP values were slightly lower than compartment 1 results. For instance, the detected ORP at 
36 hours (after a large increase throughout the second and third 12 hour exposure time) was 389.87 
mV which was 10.76 mV lower than compartment 1 achieved ORP at the same monitoring point. 
Although the achieved ORP at 60 hours (482.3 mV) was approximately the same as compartment 
1 ORP, the final obtained ORP (346.27 mV) was significantly lower than the compartment 1 final 
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ORP. The difference was 10.43 mV. The comparison of Exp.36 and Exp.40 results revealed that 
throughout the first and second 12 hour interval, the offset between curves was significant and the 
representative values were 76.94 mV, 191.97 mV. While one the other hand, the offset was 
minimized and truncated to 12.77 mV at 48 hours. Majorly, the Exp.40’s obtained ORP was higher 
than the Exp.36’s one and the only exception was related to 60 hours ORP which was 39.1 mV 
higher. In general, the average offset was 146.20 mV.  
 Compartment 3 and compartment 2 were identical. Moreover, the tendency of variations and 
achieved values were slightly similar with less than 5 mV difference throughout 60 hours from the 
beginning. The only significant different was related to the final ORP (356.3 mV). The achieved 
ORP was identical to compartment 1 ORP with 0.03 mV difference. The average offset between 
the Exp.36 and Exp.40 curves was 40.35 mV. Comparing offset values among all three 
compartments showed that the highest offset belongs to compartment 2.  
The variations of conductivity (Fig.4-27d) demonstrated the similar tendency in all compartments 
of the Exp.36 and all three curves were partially fitted. In addition, the difference between each 
compartment curve (e.g. difference between conductivity values compartment 1 and compartment 
2; difference between conductivity values compartment 1 and compartment 3) would not exceed 
4 mS/cm. So, considering compartment 2 as a representative compartment to analyze the variations 
would be a logical approach. Therefore, the Exp.40 would be selected for investigation. In the first 
12 hour period, conductivity gradually increased and reached 78.8 mS/cm. A gradual increase was 
observed during the second 12 hour exposure time which led to 85.2 mS/cm at 24 hours. Then, the 
conductivity increased to 148.9 mS/cm throughout the third 12 hour interval. The tendency of 
changes was upwards, and the final obtained conductivity was 227 mS/cm. The averaged offset 
between compartment 2 conductivity curves of the Exp.36 and Exp.40 was 36.53 mS/cm and the 
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Exp.40’s conductivity was consistently higher than the Exp.36’s one. Therefore, the higher 
hydrogen peroxide to ferrous ions molar ratio led to obtain higher conductivity in the process. It 
would be probable that the oxidation reactions intensified by providing a higher number of 
hydroxyl radicals which led to increase in conductivity. 
 Compartment 1 temperature variations (Fig.4-27e) demonstrated that it would be impossible to 
assess to state which experiment provided the higher temperature entire the process. To 
specifically analyze the tendency, both experiments (Exp.36 and Exp.40) temperature magnitude 
increased meanwhile the first 12 hour exposure time and reached 45.6 ̊ C and 47.8 ̊ C, respectively. 
Therefore, the Exp.40 (Molar ratio of 3.81/1 
H2O2
Fe2+
 ) provided the higher temperature during the 
first 12 hour period. Then, Exp.36’s temperature increased throughout the second 12 hour period 
and reached 46.4 ̊ C (0.5 ̊ C lower than Exp.40). In contrast, throughout the third and fourth 12 
hour exposure time, the Exp.36’temperature outpaced the Exp.40’s one and reached 44.6 ̊ C at 48 
hours. Although the Exp.40’s temperature (42.1 ̊ C) outpaced the Exp.36’s one at 60 hours, the 
final recorded Exp.36’s temperature (42.4 ̊ C) was 2.7 ̊ C higher than the Exp.40’s one. Finally, 
the average difference between Exp.36 and Exp.40’s temperature curves was -0.59 ̊ C which was 
shown that the Exp.40’s temperature was lower than the Exp.36 throughout the process 
Compartment 2 temperature changes showed that the Exp.36’s temperature was lower than the 
Exp.40’s one and the exceptions were detected throughout the fourth and sixth 12 hour period. 
Furthermore, the Exp.36’s temperature with exception at 44.2 ̊ C and 42.1 ̊ C which were higher 
than the Exp.40’s temperature for 3.4 ̊ C and 0.7 ̊ C, respectively. To provide specific analysis on 
different time intervals, it should be mentioned that the Exp.36’s temperature increased in the first 
12 hour exposure time to 42.4 ̊ C. Then, temperature steadily increased throughout the second and 
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third 12 hour period to 47.6 ̊ C at 36 hours. However, the tendency of variations was gradual 
downwards throughout the remained 36 hours. Lastly, the averaged offset between Exp.36 and 
Exp.40 temperature magnitude was 0.97 ̊ C. 
Compartment 3 temperature variations provided the distinctive behavior in the first 12 hour 
interval in which the Exp.36’s temperature (47.9 ̊ C) was higher than the Exp.40’s one (44.6 ̊ C). 
While on the other hand, the Exp.36 reached the lower temperature in comparison with the Exp.40 
throughout the remained 60 hours. The tendency of the Exp.36’s variations was downwards and 
reached 45.9 ̊ C in the second and third 12 hour period. However, the Exp.36 faced a steady 
increase and provided 46.9 ̊ C at 48 hours. Then, the temperature significantly fell to 40.4 ̊ C and 
gradually declined throughout the last 12 hour exposure time to 39.8 ̊ C at 72 hours. In addition, 
the averaged offset of compartment 3 between Exp.36 and Exp.40 curves was equal to 1.68 ̊ C 
which demonstrated that the Exp.40’s temperature was thoroughly higher than the Exp.36’one 
through the process. Therefore, based on achieved results it would not be feasible to conclude that 
exceeding hydrogen peroxide input volume will directly impact the compartments temperature 





Figure 4- 27 Variations of monitored parameters for the relevant experiments of Stage 3-3; a) voltage 
versus time; b) pH versus time c) ORP versus time; d) conductivity versus time e) temperature versus 
time 
Target pollutants removal efficiencies were investigated at 60 hours and 72 hours, respectively. 
Ammonia removal efficiencies (Fig. 4-28a) of the Exp.36 (molar ratio of 3.44/1 
H2O2
Fe2+
 ) were 
significantly lower than the Exp.40 (molar ratio of 3.81/1 
H2O2
Fe2+
 ) at 60 hours and the provided 
efficacies were 95.1 % ± 0.018% and 98.97% ± 0.018%, respectively. Although, the removal 
efficiency of the Exp.36 enhanced in the last 12 hour period for 2.3% at 72 hours, the Exp.40’s 
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efficiency with the value of 99.45% ± 0.018% was 2.04% higher than the Exp.36’s one. The second 
compound which was analyzed with respect to removal efficiency was TKN (Fig.4-28b). The 
Exp.36’s TKN efficiency was equal to 93.76% ± 0.011 % at 60 hours while the Exp.40’s one was 
96.6%. So, the Exp.40’s experimental design provided 2.8% higher efficiency in comparison with 
the Exp.36’s results. Then, the Exp.36’s efficiency (95.81% ± 0.011%) boosted for 2.05% during 
the last 12 hour period. However, the Exp.40 kept the excellency and reached 98.41% ± 0.011% 
which was 2.6% higher than the Exp.36.  
Total nitrogen removal efficiency (Fig.4-28c) of the Exp.36 was 93.14% while the Exp.40’s one 
was 2.83% higher with the value of 95.97% ± 0.038%. Throughout the last 12 hour interval, the 
Exp.36’s removal efficiency was improved by 1.39% and reached 94.53% ± 0.038%. However, 
the Exp.40’s efficiency continued to be superior and provided 97.45% ± 0.038% which was 2.93% 
higher than the Exp.36’s one. 
The last compound which was investigated was the organic nitrogen (Fig.4-28d). Surprisingly, the 
Exp.36’s efficiency outpaced the Exp.40’s one and reached 88.8% ± 0.04% while the difference 
was 0.92%. However, the Exp.40’s efficiency remarkably increased for 6.75% at 72 hours with 
the value of 94.63% ± 0.04% while on the other hand, the analyzed removal efficiency of the 
Exp.36 was equal to 89.93% ± 0.04% at 72 hours. So, it can be concluded that removal efficiency 
of the Exp.36 was not enhanced significantly in the last 12 hour period and it would be a reason 
for outpacing the Exp.40 throughout the sixth 12 hour exposure time. 
Therefore, it can be construed that increasing hydrogen peroxide input volume will significantly 
enhance the removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen, 
respectively. The obtaining molar ratio of 3.81/1 
H2O2
Fe2+




Figure 4- 28 Removal efficiencies of the pollutants for Stage 3-3; a) ammonia removal efficiency; b) 
TKN removal efficiency; c) organic nitrogen removal efficiency; d) total nitrogen removal efficiency 
 
Table 4-3 illustrates the obtained removal efficiencies of the third phase experiments. It also 
provides the remarks of the experiments to show the experimental design. It is critical to mention 
that the Exp.40 belonged to all three stages of Phase 3 and its results are duplicated in each section 
of the table to provide experimental design considerations and facilitate tracking of the objectives 





Table 4- 3 Removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 3 







































40-60 h 98.97 96.6 95.97 87.89 
50% purity 
H2O2 
44-60 h 99.46 97.8 95.76 92.22 
30% purity 
H2O2 
40-72 h 99.45 98.41 97.45 94.63 
50% purity 
H2O2 
































4-4. Phase 4 results and discussion 
 
 The novelty of this research is specifically addressed in the objectives of Phase 4, experimental 
parametric study of EF-SBR. The first application of combined electro-Fenton sequential batch 
reactor was introduced in Lin and Chang (2000) research [4-10]. The objective of their study was 
treatment of an old-aged landfill leachate which was constituted of 150.9 mg NH3-N/L. The 
concentration of ammoniacal nitrogen reached 28.2 mg NH3-N/L after treating by electro-Fenton 
oxidation process. SBR phase was applied as a biological treatment and after 5 times 12 h cycles, 
the concentration of ammoniacal nitrogen met the allowable concentration to discharge to the 
waterbodies.  
 However, the mechanism which is introduced in this study is applying electro-Fenton oxidation 
mechanism by 2 different SBR cycles with the duration of 72 hours and 48 hours. In simple words, 
SBR and electro-Fenton oxidation mechanisms are functionalized at the same time. In addition, 
the novelty of this research is using the SBR to facilitate electro-Fenton oxidation.  
The EF-SBR was conducted in both medium and large scales. Two parameters of the impact of 
hydrogen peroxide purity and the number of SBR cycles on removal efficiency of the target 
pollutants were investigated in this study. 
4-4-1. Stage 4-1 analysis 
4-4-1-1.   Impact of hydrogen peroxide purity on medium scale EF-SBR efficiency 
Stage 4-1 investigated the impact of the hydrogen peroxide purity on the removal efficiency of the 
target pollutants in the medium-scale (2.2 L) electrochemical reactor. Due to the fact that the 
hydrogen peroxide purity plays an important role in providing available hydroxyl radicals, Stage 
4-1 is designed to investigate the contribution of hydrogen peroxide purity to enhancement of the 
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removal of efficiency of target pollutants. It is also probable that using high purity hydrogen 
peroxide aids in decreasing the exposure time for more than 1 day. Therefore, experimental design 
of Stage 4-1 is focused on utilizing two different hydrogen peroxide purities which are 30% and 
50%, respectively. The analyzed medium scale experiments of Stage 4-1 are Exp.42 (30% purity 
H2O2) and  the Exp.45 (50% purity H2O2) respectively.  
To clarify the process, it is essential to mention that the exposure time of the first cycle and second 
cycle were 72 hours and 48 hours, respectively. The first cycle of SBR was set based on the 
experimental design of Phase 2 considering the optimal achieved results. Also, the similar 
experimental design was attained for the following cycles and the only difference was related to 
exposure time which was modified to 48 hours. So, Exp.42’s cycle 1 was investigated in Phase 2 
results and the approach would be considering the overall trend of Exp.42’s cycle 1 as a reference 
to juxtapose with the results of the cycle 1 in Exp.45 (50% purity H2O2).  
 The voltage changes (Fig.4-29a) of the Exp.42 (30% purity H2O2) was strongly downwards during 
the first 24 hour exposure time. In addition, the voltage variation of the Exp.45 (50% purity H2O2) 
was obtained the same trend as the Exp.42 meanwhile the same time interval (the first 24 hour 
exposure time). Furthermore, the Exp.42’s voltage fell to 4.34 V from the initial value of 6.18 V 
and the voltage of Exp.45 declined steadily to 5.32 V from the initial magnitude of 6.99 V. 
Throughout the remaining exposure time (from 24 hours to 72 hours), the Exp.42’s voltage slightly 
stabilized and declined to 4.18 V at 72 hours (end of the first cycle). On the other hand, Exp.45 
kept a downward tendency throughout the second and third 24 hour- period, and the final obtained 
voltage was 4.59 V at 72 hours. 
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  Once the second cycle commenced the raw wastewater was substituted with the 75% of effluent 
(treated wastewater) and 25% of effluent would remain in the electrochemical reactor. Therefore, 
it is expected that the initial applied voltage of the second cycle would be different from the initial 
voltage of the first cycle. The results also showed that the initial voltage of the second cycle of the 
Exp.42 and Exp.45 were lower than the relevant values of cycle 1. In addition, the voltage values 
were 4.9 V and 6.19 V at 72.5 hours for Exp.42 and Exp.45, respectively that are 0.8 V and 1.28 
V lower than cycle 1 voltage values. The reason was a significant increase in the initial 
conductivity of the second cycle in which the conductivity increased to 84.1 mS/cm and 84.5 
mS/cm from initial 57.4 mS/cm, respectively. The increase in conductivity is often expected to 
result a decline in voltage. Meanwhile the fourth 24 hour-period ( (from the cycle 2 start point to 
24 hours), Exp.42’s voltage steadily decreased to 4.11 V while Exp.45 experienced a significant 
decline and reached 4.46 V throughout the same time interval. However, both experiments 
demonstrated a distinctive behavior during the last 24 hour exposure time of the second cycle 
(from 96.5 hours to 120.5 hours). The Exp.42’s voltage steadily increased to 4.71 V while the  
Exp.45’s one slightly stabilized and decreased to 4.07 V. It is probable that due to remarkable 
increase in suspended solid concentration, the cell potential was increasing. The averaged offset 
between Exp.42 and Exp.45 voltage curves was 0.71 V. 
Therefore, based on the results it can be interpreted that the hydrogen peroxide purity directly 
influenced the cell potential and resulted in a higher voltage once the higher purity of hydrogen 
peroxide was used. 
The pH variations (Fig.4-29b) of Stage 4-1’s experiments showed that both experiments faced a 
significant fall throughout the first 24 hour exposure time. The measured pH values were 2.16 and 
1.28, respectively. Both experiments slightly stabilized in the second and third 24 hour- period, 
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and reached 1.9 and 1.05 at 72 hours, correspondingly. After mixing 75% raw wastewater and 
25%  of cycle 1 effluent, pH of  the Exp.42 and Exp.45 increased to 1.97 and 1.99, respectively. 
Throughout the first 24 hour- period of the second cycle (from 72.5 hours to 96.5 hours) the Exp.42 
experienced a steady decrease to 1.2; on the other hand, the Exp.45 faced a gradual increase and 
reached 2.15. However, the trend was reversed for each experiment throughout the last 24 hour 
exposure time and the Exp.42’s voltage steadily raised to final value of 1.4 at 120.5 hours while 
Exp.45 gave 1.92 at the same end point. Consequently, the trends of experiments did not change 
after the start of the second cycle and the Exp.42’s pH was consistently lower than Exp.45’one. It 
means that using 30% hydrogen peroxide leads to more acidic conditions. The reason can be 
construed by the number of hydrogen ions available after hydrogen peroxide electro-dissociation 
which is weakened the acidity of the effluent. The averaged offset between pH curves of the Exp.42 


















Figure 4- 29 Variations of monitored parameters for the relevant experiments of Stage 4-1 for medium 
scale EF-SBR; a) voltage versus time; b) pH versus time c) ORP versus time; d) conductivity versus time 
e) temperature versus time 
The ORP variations (Fig.4-29c) demonstrated that Exp.42 (30% H2O2) and Exp.45 (50% H2O2) 
faced sharp increase in the first 24 hour period and the representative values increased to 313.8 
mV and 343.1 mV, respectively. Therefore, reactions proceeded to a strong oxidation state in 
which organic compounds degradation was expected to be accelerated. However, the Exp.42 
steadily decreased to 294.8 mV which might be the evidence of the intermediate compounds 
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existence. Then, the Exp.42’s ORP sharply increased meanwhile the third 24 hour-period and 
obtained 388mV at 72 hours. In contrast, the Exp.45’s ORP consistently increased throughout the 
second and the third day and the measured value was 395.6 mV at 72 hours. Once the second cycle 
of the Exp.42’s SBR commenced, the measured ORP of the second cycle start point (66.16 mV) 
was significantly higher than initial raw wastewater water which was equal to 9.9 mV. The same 
improvement was experienced in ORP for the Exp.45 with 55.36 mV surge in ORP value in 
comparison with the initial value of 10.8 mV. The reason was influential partaking of the 
remaining 25% volume of the first cycle effluent in leading the initial state of the reactions to 
oxidation state. Throughout the first 24 hour- period of the second cycle (72.5 hours to 96.5 hours) 
the ORP of both experiments increased to 405.5 mV and 420.1 mV. Whereas, the Exp.45 faced a 
constant decline to 382.6 mV during the last 24 hour exposure time. The influence of the 
weakening of the oxidation state meanwhile the last 24 hour- period of the second cycle was 
reflected in resulting remarkable reduction with respect to target pollutant removal efficiency (See 
Fig. 4-30). Although, the intensity of the Exp.42’s ORP decline was lower than the Exp.45’s one 
(from 405.5 mV to 397.17 mV), the target pollutants removal efficiency was impacted thoroughly 
and faced a strong decrease except for Ammonia. At last, the averaged offset between Exp.42 and 
Exp.45 curves was 16.17 mV.  
The conductivity results (Fig.4-29d) showed that the conductivity of the Exp.42 (30% H2O2) 
sharply increased to 173.9 mS/cm from initial 57.4 mS/cm. Also, the Exp.45’s conductivity 
steadily increased to 71.7 mS/cm. Throughout the second 24 hour exposure time, the Exp.42’s 
conductivity consistently increased and reached 204 mS/cm. Then, a sharp increase was measured 
for the third 24 hour exposure time and the Exp.42’s conductivity reached a peak (267 mS/cm). 
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On the other hand, the Exp.45 showed a sharp increase throughout the second and third 24 hour 
period and obtained 196 mS/cm at 72 hours. 
  At the start point of the second SBR cycle, the initial conductivity values of both experiments 
reached 85.1 mS/cm and 84.1 mS/cm. The detected values were 27.7 mS/cm and 26.7 mS/cm 
higher than the initial conductivity of the raw wastewater. A similar justification as ORP surge 
could be implied for the observed increase in conductivity.  In addition, it is essential to mention 
that close values of conductivity in SBR cycle 2 start point for both experiments revealed the 
governing influence of the raw wastewater’s conductivity on overall achieved conductivity. 
Throughout the first 24 hour exposure time of the second cycle (from 72.5 hours to 96.5 hours), 
the Exp.42’s conductivity increased to 193.5 mS/cm and steadily continued increasing to 206.8 
mS/cm meanwhile the last 24 hour period. Whereas, the Exp.45’s conductivity steadily increased 
to 114 mS/cm throughout the first 24 hour exposure time of SBR cycle 2 and faced a sharp increase 
to 207.1 mS/cm during the last 24 hour period. It might be questionable that why both experiments 
were reached an approximate similar value at the end of cycle 2. The justification is the sharper 
increase of the Exp.45’s conductivity during the first and second 24 hour exposure time of the 
cycle 2 in comparison with the obtained values throughout the same time intervals of the first SBR 
cycle. 
 In the nutshell, adding 30% hydrogen peroxide led to have higher conductivity in the process and 
the tendency was unchanged throughout the second cycle. Finally, the average offset between 
conductivity curves was 44.78 mS/cm.  
  The temperature variations (Fig.4-29e) of the Exp.42 were smoother than the Exp.45 during the 
first 24 hour exposure time. The Exp.42’s temperature steadily increased to 36.5 ̊ C from 15.5 ̊ C 
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while the Exp.45’s temperature increased to 48.2 ̊ C. In the second and the third 24 hour period, 
the Exp.42 showed a gradual increase and decrease and obtained 38.6 ̊ C and 37.8 ̊ C at 72 hours, 
respectively. On the other hand, the Exp.45’s temperature declined sharply to 41.8 ̊ C during the 
second 24 hour period and gradually continued decreasing to 40.6 ̊ C. After preparation of the 
second cycle influent, the detected temperature values were 37.8 ̊ C and 34.2 ̊ C, respectively. The 
significant increase in temperature in comparison with the initial temperature of cycle 1 
demonstrated that the first cycle remaining effluent plays a dominating role in increasing the 
temperature of the mixed raw wastewater and effluent. Unexpectedly, both experiments resulted a 
semi identical trend through the second cycle exposure time and the offset decreased to a maximum 
0.3 ̊ C. Both experiment temperatures increased steadily to 41.8 ̊ C and 42.1 ̊ C at 96.5 hours (the 
end of day 1, cycle 2) while the tendency of the last 24 hour period was downward and both 
temperatures were decreased to 40.3 ̊ C and 40.5 ̊ C, respectively. The reason for obtaining a higher 
temperature for the Exp.45 in which 50% H2O2 was used as an oxidizing agent was related to a 
higher possibility of hydrogen peroxide electrolysis through the exposure to electric field. 
Consequently, electro-Fenton oxidation was accelerated, and the exothermic reactions 
development would be intensified which led to a higher heat convection in the system and reaching 
higher temperature. Finally, the offset between the temperature curves of the Exp.42 and Exp.45 
was 3.11 ̊ C. 
The characteristics of the SBR cycle 2 influent are presented in Table 4-4. Ammonia removal 
efficiency (Fig.4-30a) of the Exp.42 (30% H2O2) was 99.24% ± 0.1% while the efficiency of the 
Exp.45 (50% H2O2) was 99.54% ± 0.12%. It provided a 0.3% higher efficiency in comparison with 
the Exp.42. Although the removal efficiency of the Exp.45 was reduced to 99.02% ± 0.12% at 
96.5 hours (The first day of cycle 2), it is superior in comparison with Exp.42’s result with 98.43% 
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± 0.1% at 96.5 hours. At the end of the second cycle, the Exp.42 and Exp.45 gave 99.03% ± 0.1% 
and 99.23% ± 0.12%. Comparing the first day and second days results of the second SBR cycle 
revealed that the Exp.45’s ammonia removal efficiency at 96.5 hours was approximately the same 
as the Exp.42’s one at 120.5 hours. It means that the acceptable concentration of ammonia reached 
24 hours sooner in comparison with Exp.42’s acceptable one.  
 TKN removal efficiency values (Fig.4-30b) of Exp.42 and Exp.45 were 98.35% ± 0.12%  and 
99.01% ± 0.14%  at 72 hours. In the first 24 hour period of the second SBR cycle, TKN removal 
efficiency of both experiments were enhanced and reached 98.71% ± 0.12% and 99.13% ± 0.14%, 
respectively. However, the magnitudes of removal efficiency fell and gave 98.35% ± 0.12% and 
98.63% ± 0.14%. It would be probable that nitrite formation was boosted in the last 24 hours of 
cycle 2 (120.5 hours) Consequently, the TKN degradation reaction was reversed.  
Total nitrogen removal efficiency (Fig.4-30c) also followed the same trend as the TKN results and 
the highest efficiency was achieved with 99.04% ± 0.15% and 99.54% ± 0.17% at 96.5 hours (end 
of the first day of cycle 2) for the Exp.42 and Exp.45, respectively. The Exp.42’s removal 
efficiency lower than the first day of cycle 2 during the last 24 hour exposure time (from 96.5 
hours to 120.5 hours) and it decreased for 2.73%. Exp.42’s removal efficiency was 96.31% ± 
0.15% at the end of cycle 2. Besides, the Exp.45’s removal efficiency declined for 1.84% in 
comparison with the first 24 hour exposure time of cycle2 and provided 97.7% efficiency. The 
removal efficiency values of the last day of the first cycle (72 hours) was approximately similar to 
the results obtained at the end of the second day of cycle 2 (120.5 hours) for both experiments. 
The removal efficiency magnitudes at 72 hours were 96.5% ± 0.15% and 97.5% ± 0.17% for the 
Exp.42 and Exp.45, respectively. 
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Organic nitrogen removal efficiency (Fig.4-30d) of both experiments were acceptable at the end 
of the first cycle with the values of 96.4% and 97.06%, respectively. However, the best results 
among all phases of the study were achieved at the end of the first day of the second cycle (96.5 
hours) with the values of 99.6% and 99.67%, respectively. But, both experiments experience a 
decline throughout the last day and obtained 95.87% and 94.56%, respectively. 
In conclusion, using 50% hydrogen peroxide provided the best removal efficiency for the target 
pollutants and the electro-Fenton sequential batch reactor (EF-SBR) leads the process to achieve 
the desirable removal efficiencies in 4 days instead of 6 days (running two serial experiments with 
Phase 2 experimental design). It means that reduction for 48 hours in the exposure time. In 
addition, the removal efficiency of the TKN, total nitrogen, and specifically organic nitrogen were 
significantly increased in comparison with previous process design (72 hours exposure time) by 
using EF-SBR. 
Table 4- 4 Characteristics of the initial concentrations of the ammonia, TKN, total nitrogen and, organic 
nitrogen in the raw wastewater and beginning of the second cycle; medium scale results 
No. Exp. Ammonia [mg/L] TKN [mg/L] Total nitrogen [mg/L] Organic nitrogen [mg/L] 
Initial 
(Cycle 1) 
11000.0 14000.0 14500.0 3000.0 
42-72.5h 
(Cycle 2) 
8707.5 11100.1 11560.0 2392.6 
45-72.5h 
(Cycle 2) 





Figure 4- 30 Removal efficiencies of the pollutants for Stage 4-1, medium scale EF-SBR; a) ammonia 




4-4-1-2.    Impact of hydrogen peroxide purity on large scale EF-SBR efficiency 
 The second scope of Stage 4-1 is related to the investigation of the impact of the  hydrogen 
peroxide purity in the large scale EF-SBR removal efficiency. The cell design is identical to the 
Exp.40, in which the best removal efficacies were achieved. Two experiments were determined to 
assess the impact of using 50% and 30% hydrogen peroxide purity, respectively. The time interval 
of adding hydrogen peroxide was 12 hours and the molar ratio of  
Fe2+
H2 O2
 was equal to 3:81/1 which 
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gave the best results in Phase 3. The analyzed experiments were the Exp.44 (50% purity H2O2) 
and Exp.46 (30% purity H2O2), respectively. 
  For the compartment 1 results, the voltage variations (Fig.4-31a) of the Exp.44 (50% purity H2O2) 
demonstrated that the voltage fluctuated in the first, second, and third 12 hour time interval. In 
addition, the voltage values reached to 3.63 V at 12 hours, increased to 3.86 V at the end of the 
second 12 hour period, and finally declined to 3.67 mV at the end of the third 12 hour exposure 
time. After a gradual increase to 3.8 V in the fourth 12 hour period, the tendency of variations was 
smoothed and the detected value of voltage at the end point of the cycle 1 was 3.75 V. On the other 
hand, the Exp.46 (30% purity H2O2)’s voltage steadily increased in the first 12 hour exposure time 
and the second 12 hours and reached 4.8 V from initial 4.2 V at 24 hours. Voltage gradually and 
smoothly declined meanwhile the third, fourth and, fifth 12 hour period and obtained 4.5 V at 60 
hours. Throughout the last 12 hour period of the first cycle, voltage steadily fell and reached 4.3 
V. Once the second cycle commenced, the Exp.44’s voltage increased to 4.72 V at the start point 
of cycle 2 which indicates that the conductivity experienced a sharp drop (From 261 mS/cm to 
57.9 mS/cm). However, the voltage steadily and strongly fell in the second cycle and it was 3.52 
V at 108.5 hours (the third 12 hour period of the second cycle). The voltage stabilized during the 
last 12 hour exposure time and provided 3.51 V at 120.5 hours. In contrast, the Exp.46 sustained 
stabilized voltage throughout the first and second 12 hour period of cycle 2 and reached 4.3 V at 
96 hours. Although the voltage dropped to 4 V in the third 12 hour exposure time of cycle 2, the 
cell potential recovered throughout the last 12 hour period and provided 4.3 V at 120.5 hours. 
The results of compartment 3 indicate that the Exp.44 and Exp.46 had identical initial voltage 
which was equal to 5.39 V. The Exp.44’s voltage steadily declined in the first and second 12 hour 
exposure time and reached 4.01 V at 24 hours. Throughout the third 12 hour period, the voltage 
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gradually decreased to 3.85 V at 36 hours. For the remaining 36 hour exposure time of the first 
cycle, voltage experienced weak fluctuations and the final observed voltage of cycle 1 was 3.77 V 
at 72 hours. On the other hand, the Exp.46’s voltage remained unchanged throughout the first 12 
hour exposure time. A peak was obtained at 24 hours with the value of 6.5 V. While a sharp decline 
observed in the third 12 hour period and the voltage reached 5.1 V. Throughout the remaining 36 
hour exposure time, the voltage continuously dropped and the measured voltage (end of cycle 1) 
was 4.43 V at 72 hours. In the start point of the second SBR cycle, the voltage of the Exp.44 and 
Exp.46 were 6.65 V and 6.7 V, respectively which was significantly increased in comparison with 
the end point of cycle 1. The reason is a significant decline in the conductivity magnitude of both 
experiments at the start point of cycle 2. Exp.44’s voltage sharply decreased to 4.72 V meanwhile 
the first 12 hour interval of the second cycle. Afterwards, it experienced a gradual increase 
throughout the second 12 hour period of cycle 2 and gave 4.8 V at 96.5 hours. For the remaining 
24 hour period, the voltage steadily declined and provided 4.04 V at 120.5 hours. Whereas, Exp.46’ 
voltage smoothly decreased throughout the first, second and third 12 hour period and gave 5.15 V 
at 108.5 hours. The trend was upwards in the last 12 hour exposure time and the final measured 
voltage was 5.31 V. 
Based on the achieved results, the cell potential was remarkably increased for the second cycle of 
the Exp.46 in which 30% purity H2O2 was used. On the other hand, the Exp.44 (50% purity H2O2) 
kept outpacing the first cycle’s cell potential during the first 24 hour period although the voltage 
was slightly lower than the cycle 1 cell potential throughout the last day.  
 Due to the fact that pH values (Fig.4-31b) of all compartments were similar while taking to 
account negligible difference (less than 0.05) for each individual experiment, juxtaposing both 
experiments in one compartment as a representative state of the system would be a logical 
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approach. Therefore, the results of compartment 1 were selected to analyze pH variations. The pH 
results of compartment 1 demonstrated the similar tendency for both Exp.44 (50% purity H2O2) 
and Exp.46 (30% purity H2O2) in the first and second 12 hour exposure time which proved that 
the pH variations were independent on the purity of hydrogen peroxide throughout the first day. 
Both experiments experienced a sharp decline and provided pH equal to 1 at 24 hours from the 
initial 6.85. During the third and the fourth 12 hour period, the Exp.44’s pH slightly increased and 
the measured pH was 1.54 at 48 hours. In the fifth and sixth 12 hour exposure time, pH changed 
to 1.52 at 60 hours and 1.59 at 72 hours. While on the other hand, the Exp.46’s pH slightly declined 
to 0.86 during the third 12 hour interval. Then, pH raised to 1.21 at 48 hours and kept fluctuating 
throughout the fifth and sixth 12 hour period of the cycle 1. The final pH of the Exp.46 at 72 hours 
is 1.32. After mixing the effluent with raw wastewater, the initial pH magnitudes of cycle 2 were 
significantly increased and gave 2.3 and 4.55 for the Exp.44 and Exp.46, respectively. After a 
steady decline and recording pH equal to 1.69 for the Exp.44 during the first 12 hour interval of 
cycle 2, a stabilized behavior was observed throughout the remaining 36 hour exposure time of the 
second cycle and the final detected pH at 120.5 hours was equal to 1.66. The average offset was 
0.15 and the Exp.44’s ORP was higher than the Exp.46’s one. 
ORP variations (Fig.4-31c) showed that the Exp.44’s ORP was dominantly higher than the 
Exp.46’s ORP. The reason was utilizing 50% purity H2O2 in the Exp.44 which led to a higher 
number of hydroxyl radicals. Therefore, the tendency of reactions would be oxidizing organic 
compounds. Consequently, ORP as an indicator of the oxidation state is expected to give higher 
values for the Exp.44 in which 50% purity hydrogen peroxide was used.  
 Compartment 1 results demonstrated that the Exp.44’s ORP slightly declined toward reduction 
state and it was -25.97 mV at 12 hours. The identical behavior was also observed for the Exp.46 
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(30% purity H2O2) and the detected ORP was equal to -25.7 mV at 12 hours. The tendency of the 
ORP variation was strongly upwards for both Exp.44 and Exp.46. It showed that the oxidation of 
organic compounds was taken place. The provided ORP at 24 hours were 276.57 mV and 144 mV, 
respectively. Throughout the third 12 hour period Exp.44 faced a gradual decline to 270.9 mV 
while Exp.46 experienced the slight increase to 152.17 mV during the same time interval. 
Meanwhile the fourth and fifth 12 hour exposure time, Exp.44’s ORP steadily increased to 311.87 
mV at 48 hours and consistently fell to 281.23 mV at 60 hours. However, Exp.46’s ORP 
demonstrated a reversed behavior in which a steady decline to 122.5 mV at 48 hours occurred and 
then recovered to 155.9 mV at 60 hours. In the last 12 hour period of cycle 1, ORP of both 
experiments increased to 373.1 mV and 269.93 mV, respectively. Based on the analysis conducted 
on removal efficiency, remarkable enhancement was achieved throughout the last 24 hour 
exposure time of SBR cycle 1. 
 Once the influent of cycle 2 was introduced to the system, the initial ORP of the Exp.44 and 
Exp.46 significantly declined in comparison with cycle 1’s end point and gave -33.8 mV and -26.2 
mV correspondingly. The obtained ORP values of the medium scale at the second cycle of SBR 
were significantly higher (66.16 mV at 72.5 hours) which showed that current density played an 
important role in obtaining oxidation state at the start point of cycle 2. The current density of the 
medium scale (33.33 mA/cm2) was remarkably higher than the large scale one (21.37 mA/cm2) 
which led to a higher ORP. The Exp.44’s ORP sharply increased to 310.24 mV at the first 12 hour 
exposure time of cycle 2 and continued increasing meanwhile the second 12 hour period of cycle 
2. The achieved ORP was 367.13 mV at 96.5 hours. Throughout the third and fourth 12 hour 
period, the ORP variation slightly stabilized and the final achieved ORP was 375.9 mV at 120.5 
hours. On the other hand, Exp.46 experienced a sharp increase meanwhile the first and second 12 
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hour interval of cycle 2 and gave 62.5 and 192 mV at 84.5 hours and 96.5 hours, respectively. 
Exp.46’s ORP kept steadily increasing meanwhile the third and fourth 12 hour period of cycle 2 
and gave 257.6 mV at 120.5 hours. The average offset between Exp.44 and Exp.46 curves was 
equal to 115.9 mV. 
The results of compartment 2 indicate that Exp.44’s ORP outpaced Exp.46’s one and the tendency 
of variations was slightly like compartment 1’s changes. Exp.44’s ORP gradually declined during 
the first 12 hour period and it was in reduction state with the value of -36.72 mV (slightly lower 
than compartment 1 congruous results). The ORP changes were strongly upwards meanwhile the 
second and the third 12 hour period and the given value at 24 hours and 36 hours were 234.9 mV 
and 348.17 mV, respectively. The upward tendency weakened throughout the fourth 12 hour 
interval and the recorded ORP was equal to 355.5 mV.  
Then, the ORP declined to 325.23 mV at 60 hours during the fifth 12 hour period. Throughout the 
last 12 hour interval, the Exp.44’s ORP steadily increased to 387 mV. On the other hand, the 
Exp.46’s ORP variation was slightly downwards in the first 12 hour period and the given ORP at 
12 hour interval was -26.47 mV. The tendency of the Exp.46’s variations was strongly upwards 
during the second and third 12 hour period and the ORP magnitudes sharply increased. The 
measured values at 24 hours and 36 hours were 122.9 mV and 166.3 mV, respectively. However, 
the Exp.46’s ORP declined consistently throughout the fourth 12 hour period and the measured 
ORP at 48 hours was tantamount to 136.77 mV. Meanwhile the fifth and sixth 12 hour exposure 
time, the Exp.46’s ORP was sharply increased and it was 271.83 mV. 
 Once the cycle 2’s influent formulated, the monitored ORP significantly declined and obtained -
33.8 mV and -26.2 mV. However, the ORP of both experiments recovered meanwhile the first 12 
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hour period of the second cycle.  Exp.44’s ORP was obtained an approximate equivalent value 
with the second 12 hour period of the first cycle which was equal to 317.8 mV. It demonstrated 
that EF-SBR would lead the reactions to the oxidation state in the shorter exposure time. In the 
second and third 12 hour interval, the Exp.44’s ORP was consistently increased although the slope 
of the curves was much smoother than the first 12 hour period. The obtained ORP was 380.3 mV 
at 108.5 hours (the third 12 hour exposure time of the second cycle). Throughout the last 12 hour 
interval, the Exp.44’s ORP stabilized and gave 381.9 mV. The upward tendency was also observed 
for Exp.46’s variations although the given ORP at the first 12 hour period of the second cycle was 
lower than the representative value for the primary 12 hour exposure time of the first cycle. In the 
following 12 hour period, the slope of the changes increased and the recorded ORP at the second 
12 hour period of the second cycle was equal to 205 mV. The obtained ORP was 82.1 mV higher 
than ORP of the second 12 hour exposure time of the first cycle. Throughout the remaining 24 
hour exposure time, Exp.46’s ORP kept steadily increasing and the obtained value was equal to 
260.6 mV at 120.5 hours. Finally, the average offset between ORP curves of the Exp.44 and Exp.46 
was 116.57 mV and Exp.44’s ORP was higher than Exp.46’one. 
 The results of compartment 3 indicate that the overall ORP magnitudes of the Exp.44 was the 
lowest among all three compartments. On the other hand, the highest ORP was achieved by the 
compartment 3 of the Exp.46. Therefore, it can be concluded that utilizing 50% H2O2 promotes 
the oxidation state through compartment 2 where the electrolyte was affected by a lower 
temperature. Whereas, achieving the lowest temperature range in the compartment 3 of Exp.46 led 
to the highest ORP. The relationship between ORP and temperature is introduced by Rodkey based 
on the conducted research on Diphosphopyridine Nucleotide System [4-11]. Based on the previous 
compartment ORP results, the tendency of the first cycle was distinctive while the variations of 
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the second cycle demonstrated the similar behavior as the other compartments. Therefore, the 
entire investigation is essential to assess the trends of the changes for the first cycle. Meanwhile 
the first 12 hour interval, the Exp.44’s ORP steadily declined toward reduction state and gave -
39.77 mV at 12 hours. However, the ORP of the Exp.44 increased to 186.73 mV throughout the 
second 12 hour period and kept raising up to 291.47 mV which was recorded at the end of the third 
12 hour interval. As it was discussed previously, ORP sharp raising was the illustrative of oxidation 
reactions evolution in the electrokinetic cell. During the fourth and fifth 12 hour exposure time, 
the Exp.44’s ORP gradually decreased and provided 275.5 mV at 60 hours. Then, ORP is sharply 
increased to 359.23 mV which was the peak of the first cycle. On the other hand, the Exp.46 
provided a consequence with respect to ORP variations. ORP kept increasing throughout the 
remained 60 hour exposure time (from 12 hours to 72 hours) and the final measured ORP is equal 
to 275.63 mV.  
  Due to the fact that mixing the remaining volume of effluent with raw wastewater leads to a 
homogenous distribution, all monitoring parameters except voltage (e.g. pH, conductivity, ORP 
and, temperature) were identical in all three compartments. Therefore, the same ORP as 
compartment 1 and compartment 2 was achieved for the Exp.44 and Exp.46 which were -33.8 mV 
and -26.2 mV, respectively. Once the second cycle of SBR commenced for the Exp.44, the 
reactions showed distinguishable tendency to oxidation sate and gave 295.93 mV at the first 12 
hour period of the second cycle (84.5 hours). Also, the ORP of the Exp.44 consistently increased 
to 361.9 mV throughout the second 12 hour period of the second cycle (96.5 hours). Meanwhile 
the third and fourth 12 hour interval of cycle 2, the ORP gradually raised and it was 379.1 mV at 
120.5 hours. Contrary to the Exp.44’s results, the tendency of reactions to the oxidation state 
slowly evolved in the first 12 hour exposure time of the second cycle and provided 53.8 mV at 
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84.5 hours. Throughout the second 12 hour period of cycle 2, the Exp.46 experienced a sharp 
increase in ORP and it was 203.65 mV. Therefore, the potential nitrogen contained compounds 
mineralization was expected to be progressive during the second 12 hour period of cycle 2. 
Subsequently, the mentioned improvement was confirmed once the ammonia, TKN, total nitrogen, 
and organic nitrogen were observed to be declined to 0.19, 0.50, 0.51 and, 0.64 of analyzed 
concentration at 84.5 hours. The reference concentration of the nitrogen contained compounds 
were 3838.7 m/L,7516 mg/L, 7937.3 mg/L and 3677.33 mg/L for ammonia, TKN, total nitrogen 
and organic nitrogen, correspondingly. The ORP of Exp.46 steadily increased in the remaining 24 
hour exposure time and the final measured ORP was 258.6 mV at 120.5 hours. Finally, the 
averaged offset between Exp.44 and Exp.46 ORP curves was 84.33 mV which was lower than 
other compartment relevant offset values.  
Because of the fitted curves of conductivity for each compartment (except for 108.5 hours for 
Exp.44 and 48 hours and 120.5 hours for Exp.46), compartment 1 results would be discussed and 
the mentioned unfitted points would be investigated. 
Conductivity results (Fig.4-31d) of the Exp.44 (50% H2O2) was dominantly higher than Exp.46 
(30% H2O2) in compartment 1 which demonstrated the impact of hydroxide and hydrogen ions on 
providing conductivity in the system. Therefore, due to the higher number of electrolyzed ions in 
Exp.44 which resulted from utilizing 50% hydrogen peroxide, the significant excellency of Exp.44 
with respect to conductivity values could be justified.  
In the first 12 hour exposure time, Exp.44’s conductivity sharply increased to 112.67 mS/cm from 
initial 61.4 mS/cm and continued raising gradually meanwhile the following 12 hour interval. The 
measured conductivity at 24 hours was 117.8 mS/cm. The slope of the curve intensified, and 
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conductivity values consistently increased meanwhile the remained 48 hours of the first cycle and 
the final obtained conductivity was 261 mS/cm at 72 hours. In contrast the conductivity variations 
of Exp.46 fluctuated throughout the first cycle. Besides, conductivity steadily increased during the 
first and second 12 hour period and the obtained conductivity was 98.9 mS/cm at 24 hours. 
Afterwards, Exp.46 experienced a sharp increase throughout the third 12 hour period although the 
conductivity fell to 119.77 mS/cm during the fourth 12 hour exposure time. The second significant 
fluctuation was observed in the sixth and seventh 12 hour exposure time in which it fell to 153.8 
mS/cm at 72 hours after a sharp increase which provided 163.45 mS/cm at 60 hours.      
 At the second cycle start point, the conductivity values of all three compartments were 57.9 mS/cm 
and 54.8 mS/cm for Exp.44 and Exp.46, respectively. The tendency of Exp.44’s conductivity was 
strongly upwards and the given magnitude at 108.5 hours (the third 12 hours of cycle 2) was 256 
mS/cm. Unexpectedly, the conductivity significantly fell to 192.2 mS/cm during the last 12 hour 
interval. Based on the observed decline, it can be speculated that once the concentrations of the 
target electrochemically active compounds reduced, the conductivity faced a significant decline. 
The second reason might be related to a decrease in the number of ions which impacts the strength 
of the electrolyte. Consequently, the outcome would be a significant decline in conductivity. The 
remarkable increase in removal efficiency of the target compounds justifies the sharp decline of 
the conductivity referring to previously mentioned two reasons. On the other hand, the Exp.46 
experienced linear steadily increased throughout the first and second 12 hour period of the cycle 2 
and provided 88.2 mS/cm at 96.5 hours. A sharp increase to 133.5 S/cm was detected in the third 
12 hour interval of the second cycle. After a gradual decline, the final obtained conductivity was 
131.2 mS/cm.  
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Comparing the peak values of each cycle provides a significant increase in number of electroactive 
ions resulted on the exact measurement time of the peak. The reason for obtaining a lower peak in 
the second cycle is originated from availability of lower ions due to a lower initial concentration 
of the second cycle. The zero-time concentration of each cycle is given in Table 4-5. 
 The time interval in which the conductivity curves of the Exp.44 were not fitted was the third 12 
hour period of the second cycle (108.5 hours). The reason is related to available ions which can be 
related to the remaining concentration. The lowest remaining concentration was achieved in 
compartment 1 which resulted the highest conductivity among all compartments. However, the 
proper justification for unfitted time intervals of the Exp.46 (the fourth 12 hour exposure time of 
the first cycle and the last 12 hour period of the second cycle) is a flint difference in the remaining 
concentration of compartment 2 with the rest of the components. Once, the remaining 
concentration was lower, the available number of electroactive ions would be affected and 
declined. Therefore, a decline in conductivity was expected to take place. Considering 
compartment 1 as a representative of the conductivity of the electrochemical reactor led to have 
52.37 mS/cm offset between conductivity curves. It showed that utilizing 50% hydrogen peroxide 
gives higher conductivity. 
 The temperature variations (Fig.4-31e) of compartment 1 demonstrated a distinctive trend for the 
first cycle of both experiments. However, the second cycle results of Exp.44 and Exp.46 was 
meaningfully fitted. Also, results prove that the EF-SBR approach leads the system to respond 
independently to initial hydrogen peroxide purity during the second cycle of compartment 1. The 
fitted curves of temperature were also obtained in two other compartments. Therefore, it would be 
possible to extend the second cycle temperature findings to entire large-scale EF-SBR, impact of 
hydrogen peroxide purity analysis. 
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Exp.44’s temperature increased to 45.3 ̊ C from an initial temperature of 12.5 ̊ C while the tendency 
of variations was smoothly downwards throughout the second, the third and the fourth 12 hour 
period. The measured temperature at 48 hours was 40.3 ̊ C. After a negligible increase for 0.1 ̊ C, 
Exp.44 faced a sharp decline during the sixth 12 hour exposure time and the measured temperature 
at 72 hours was 31.6  ̊C. On the other hand, Exp.46 experienced a remarkable sharp increase in 
temperature during the first 12 hour period and it was 36.1 ̊ C considering the initial temperature 
equal to 12.3 ̊ C. In the second 12 hour exposure time, temperature kept raising and the obtained 
temperature was 43 ̊ C at 24 hours. However, the temperature fell significantly throughout the third 
12 hour interval and reached 30 ̊ C at 36 hours. In the remaining 36 hour exposure time, the 
temperature gradually and smoothly decreased to 28.5 ̊ C at 72 hours.  
The initial temperature magnitudes of the second cycle were 17.9 ̊ C and 18.6 ̊ C for the Exp.44 
and Exp.46, respectively. Due to the fact that the temperature curves of the second cycle were 
fitted, investigating the tendency of the temperature variation of one experiment would be adequate 
for this study. Also, the same approach would be followed for the rest compartments. The Exp.44, 
the representative of the second cycle temperature variations, experienced a sharp increase during 
the first 12 hour period of the second cycle and provided 35.6 ̊ C at 84.5 hours. The tendency of 
the changes switched to downwards and the given temperature at 96.5 hours was 29.2 ̊ C. The last 
24 hours of the exposure time can be described as a period in which the temperature was gradually 
increased to 30.2 ̊ C in the third 12 hour exposure time of the second cycle. It fell to 28.9 ̊ C 
meanwhile the last 12 hour period. Also, the overall offset was equal to 3.83 ̊ C. The significant 
point that should be considered for the second cycle was its noteworthy overall lower temperature 
in comparison with the first cycle of EF-SBR. The reason was related to a remarkable lower 
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electrochemical reaction heat loss that was obtained in cycle 2 The observed phenomenon was 
associated with the lower required concentration of the target compounds to be mineralized.  
 Compartment 2 results of the Exp.44 presented the similar tendency as compartment 1 correspond 
one during the first and second 12 hour exposure time and the achieved temperature were 46.2 ̊ C 
and 43 ̊ C at 12 hours and 24 hours, respectively. Therefore, the peak of the Exp.44’s temperature 
in compartment 2 was 0.9 ̊ C higher than compartment 1’s peak. Throughout the third and fourth 
12 hour period, the trend of variations was upward, and the obtained temperature was 40.3 ̊ C at 
48 hours. However, the Exp.44 experienced a gradual raise during the fifth 12 hour exposure time 
and given 42.6 ̊ C at 60 hours. However, the Exp.44’s temperature fell significantly during the fifth 
and the sixth 12 hour period and the final obtained temperature is 31.7 ̊ C. On the other hand, the 
Exp.46’s variations showed that the temperature faced two steps increasing during the first and 
second 12 hour period and gave 34.5 ̊ C and 42 ̊ C at 12 hours and 24 hours, respectively. During 
the third 12 hour exposure time, the tendency changed to be strongly downward and the measured 
temperature was 29.6 ̊ C at 36 hours. Although the temperature stabilized during the fourth 12 hour 
exposure time, the variations were steadily downwards in the last 24 hour period of cycle 1. Also, 
the cycle 1’s final temperature was 27.8 ̊ C. 
Once the second cycle is instigated, the temperature significantly declined in comparison with the 
recorded temperature at 72 hours for both experiments. However, the obtained temperature at the 
cycle 2’s zeroth point was higher than initial temperature of cycle 1 which were 17.9 ̊ C and 18.6 ̊ 
C for the Exp.44 and Exp.46, congruently. Because of the identical observed behavior for both 
experiments in cycle 2, the temperature changes of the Exp.44’s compartment 2 could be the 
representative of the reactor temperature. During the first 12 hour period of cycle 2, the Exp.44’s 
temperature sharply increased to 34.8 ̊ C at 84.5 hours. However, the temperature steadily declines 
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in the second 12 hour exposure time of cycle 2 and gave 29.6 ̊ C at 96.5 hours. Throughout the 
final 24 hour period, the Exp.46’s temperature slowly increased and provided 30.3 ̊ C at 120.5 
hours. Finally, the total offset between the Exp.44 and Exp.46 temperature curves was 4.11 ̊ C. 
 Based on the observation, it can be interpreted that the Exp.44 provided a temperature range of 
variations which was above 40 ̊ C from 12 hours to 48 hours. It showed that the electrochemical 
reactions provided significant Gibbs free energy meanwhile the dissociation, mineralization, and 
electrolysis reactions. 
The results of compartment 3 showed that the highest temperature among all compartments was 
achieved by Exp.44 at 12 hours with the value of 50.1 ̊ C. The temperature reached 45.6 ̊ C at 36 
hours after a sharp decrease during the second 12 hour period. Throughout the fourth 12 hour 
interval, the Exp.44’s temperature continuously declined to 40 ̊ C at 48 hours. Although the 
temperature slightly stabilized during the fifth 12 hour exposure time, the variation was strongly 
downward throughout the last 12 hour period of cycle 1 and provided 31 ̊ C at 72 hours. The similar 
tendency as compartment 1 and compartment 2’s variations of Exp.46 was observed throughout 
the first and second 12 hour period. The measure temperature was 42 ̊ C at 24 hours. However, 
Exp.46’s temperature declined sharply to 28.5 ̊ C during the third 12 hour period and kept 
decreasing gradually during the remained 36 hour exposure time of cycle 1. The final measured 
temperature of Exp.46’s cycle 1 was equal to 27.2 ̊ C. 
 Once the second cycle of SBR started, the initial temperature magnitudes were 17.9 ̊ C and 18.6 ̊ 
C for Exp.44 and Exp.46, respectively. Due to achieving complete fitted curves for the Exp.44 and 
Exp.46, the Exp.44 is selected to describe the tendency of temperature variations. During the first 
12 hour period of cycle 2, the temperature increased to 33.8 ̊ C from initial 17.9 ̊ C. While, the 
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variations of the second 12 hour period of the second cycle were smoothly downwards and it gave 
30.5 ̊ C at 96.5 hours. The temperature slightly stabilized in the third and fourth 12 hour exposure 
time of cycle 2 and the resulting temperature was 30.2 ̊ C at 120.5 hours. Finally, the average offset 
between Exp.44 and Exp.46 curves was 5.15 ̊ C. 
First of all, the removal efficiency of both Exp.44 and Exp.46 were juxtaposed with respect to 
ammonia removal efficiency (Fig.4-32a). According to the achieved results of 60 hours, the 
removal efficiency of Exp.44 (50% H2O2) was slightly higher than Exp.46’s removal efficacy and 
the obtained results were 99.46 % ± 0.15% and 98.72% ± 0.17%, respectively. Exp.44 kept 
outpacing during the last 12 hour period of cycle 1 and gave 99.48 %± 0.15%   removal efficiency 
at 72 hours which was 0.32 % higher than the Exp.46’s relevant result. At the end of the second 
12 hour exposure time of cycle 2 (96.5 hours), the Exp.44 provided a tenable removal efficiency 
with respect to ammonia removal efficiency which was equal to 86.85 % ± 0.15%. In contrast, 
Exp.46’s results demonstrated significant difference in comparison with Exp.44’s removal 
efficacy at 96.5 hours. However, the difference between Exp.44 and Exp.46 removal efficiency 
decreased to 0.01% (tantamount to 1.1 mg/L) which can be considered as negligible difference 
corresponding to an initial 11000 mg/L concentration. At last, the removal efficiencies of 99.06 




Figure 4- 31 Variations of monitored parameters for the relevant experiments of the Stage 4-1, large scale 
EF-SBR; a) voltage versus time; b) pH versus time c) ORP versus time; conductivity versus time e) 
temperature versus time 
 
The Exp.44 (50% H2O2) gave outstanding results at the end of the fifth 12 hour exposure time of 
cycle 1 (60 hours) with respect to TKN removal efficiency (Fig.4-32b) with the value of 99.46% 
± 0.17%. It can be considered as the best achieved removal efficiency among all experiments of 
Stage 4-1. Also, the significant difference attained between the removal efficiency of the Exp.44 
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and Exp.46 (with 96.25 % ± 0.17% removal efficiency at 60 hours) that was 3.21 %. Due to 
formation of nitrate and nitrite during the last 12 hour period of cycle 1 in the Exp.44, the removal 
efficiency was significantly declined to 97.18% ± 0.17%. Although the efficiency of Exp.46 was 
slightly improved meanwhile the last 12 hour exposure time of the first cycle by giving 96.45% ± 
0.17% at 72 hours. After analyzing the sample of the second 12 hour period of cycle 2, a poor 
removal efficiency was achieved which demonstrated that one-day exposure would not be 
applicable in large scale EF-SBR. Although the medium scale EF-SBR results provided acceptable 
removal efficiency at 96.5 hours (one-day cycle 2 exposure time), it would not be feasible to lessen 
the exposure time. The achieved removal efficiency at 96.5 hours was 72.95% ± 0.17% which was 
5.68% higher than Exp.46’s one. In order to provide sensible description for the mentioned 
difference it should be mentioned that Exp.46 maintained around 795 mg TKN /L higher 
concentration in comparison with Exp.44’s persisted TKN concentration. The final analyzed 
results of the second cycle provided remarkable improvements in comparison with the second 12 
hour exposure time of the second cycle (96.5 h) for both Exp.44 and Exp.46. In addition, the 
achieved removal efficiency were 96.64 % ± 0.17% and 92.85% ± 0.17%, respectively .Therefore, 
using 50% H2O2 as an oxidizing agent led to reducing the exposure time of cycle 1 and cycle 2 for 
12 hours and 24 hours, correspondingly.  
Total nitrogen removal efficiency (Fig.4-32c) results demonstrated that the analyses of 60 hours 
and 72 hours of the Exp.44 (50% H2O2) gave the identical values which was equal to 95.76 % ± 
0.20%. However, the Exp.46’s removal efficiency experienced an slight increase during the last 
12 hour period of the first cycle from 93.98 %± 0.22% at 60 hours to 94.88% ± 0.22% at 72 hours. 
Once 24 hours passed from the initiation of the second cycle, the analyzed samples provided a 
poor removal efficiency as well as TKN representative one with the value of 71.01 % ± 0.20% and 
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63.45%± 0.22% for the Exp.44 and Exp.46, respectively. In the following 24 hour exposure time 
of cycle 2, remarkable transmute was achieved and the results provided 95.74% ± 0.20% and 
92.84% ± 0.22% efficiency at 120.5 hours for the Exp.44 and Exp.46, correspondingly. It can be 
implied that it is feasible to obtain similar total nitrogen removal efficiency at the last 12 hour 
period of cycle 1 with using 50% hydrogen peroxide which led to 24 hour reduction in exposure 
time. 
Organic nitrogen removal efficacy (Fig.4-32d) of the Exp.44 gave the highest value (92.2 % ± 
0.32%) at 60 hours while the best results of the Exp.46 (86.48 %± 0.34%) was achieved at 72 
hours (the last 12 hour period of cycle 1). Furthermore, the Exp.44 faces a decrease equals to 
1.17% during the last 12 hour exposure time of cycle 1. On the other hand, Exp.46 experienced a 
slight increase which was equal to 0.22% (6.6 mg/L more removal reference to 3000 mg/L initial 
organic nitrogen concentration). A catastrophic decline was obtained at the second 12 hour interval 
of cycle 2 for both Exp.44 and Exp.46 with the magnitudes of 22% ± 0.32% and 2.37% ± 0.34%, 
respectively. The extremely poor results of 96.5 hours draw attention that it would not be feasible 
to assess acceptable removal of  the target compounds while considering 24 hours as the exposure 
time of the second cycle. In the upcoming third and fourth 12 hour interval of the second cycle, 
the removal efficiency of both experiments were remarkably improved and gave 87.79% ± 0.32% 
and 70.58% ± 0.34% at 120.5 hours. The difference between 60 hours and 72 hours results of the 







Table 4- 5 Characteristics of the initial concentrations of the ammonia, TKN, total nitrogen, and organic 
nitrogen in the raw wastewater and the beginning of the second cycle; large scale results 
No. Exp. Ammonia [mg/L] TKN [mg/L] Total nitrogen [mg/L] Organic nitrogen [mg/L] 
Initial 
(Cycle 1) 
11000.0 14000.0 14500.0 3000.0 
44-72.5h 
(Cycle 2) 
9030.3 11551.1 12000.7 2508.3 
46-72.5h 
(Cycle 2) 
9100.8 11680.5 12280.5 2715.6 
 
 
Figure 4- 32 Removal efficiencies of the pollutants for Stage 4-1, large scale EF-SBR; a) ammonia 




Due to the fact that, the main objective of this research is removing TKN and the acceptable 
efficiencies were achieved at 60 hours and 120.5 hours, it could be determined that the overall 
efficiency of EF-SBR was promising while the exposure time of the first and second cycle were 
60 hours and 48 hours correspondingly. It leads to shorten the conventional large-scale process 
time from 144 hours to 108 hours. In addition, the change (36 hours) is equal to the half of initial 
72 hours (Large-scale retention time). 
 
4-4-2. Stage 4-2 analysis 
4-4-2-1.   Impact of number of cycles on medium scale EF-SBR efficiency 
The last parameter which is studied in this research is the impact of the number of cycles on EF-
SBR removal efficiency. The research is conducted on both medium and large scale experiments 
and the first part of Stage 4-2’s study is devoted to medium scale outcomes. Based on the achieved 
results in Stage 4-1, it would be practical to reduce the exposure time of cycle 2 to 24 hours for 
medium scale once 50% purity hydrogen peroxide was used as an oxidizing agent (Exp.45). 
However, using 30% hydrogen peroxide (Exp.42) gave acceptable removal efficiency in a 1-day 
exposure time of cycle 2 although the efficiency was not as high as Exp.45. Consequently, the 
approach of the Stage 4-2, medium scale EF-SBR, would be the investigation of the impact of 
number of cycles on reducing exposure time to 24 hours with utilizing 30% H2O2. The proposed 
mechanism is continuing the treatment for 48 hours in cycle 3 and considering 24 hours for cycle 
4’s exposure time. The analyzed experiment of the first scope of Stage 4-2 is the Exp.42. 
 The variations of monitoring parameters, voltage, pH, ORP, conductivity, and temperature of 
cycle 1 and cycle 2 were discussed in Stage 4-1, medium scale EF-SBR section in detail. So, the 
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overall tendency of cycle 1 and cycle 2 variations would be considered to juxtapose with cycle 3 
and cycle 4’s changes. The initial voltage (Fig.4-33a) of cycle 3 was 5.84 V at 121 hours. In the 
first 24 hour period of cycle 3, the voltage magnitude consistently declined to 4.89 V and kept 
decreasing gradually throughout the second 24 hour exposure time  of cycle 3. The measured 
voltage was 4.71 V at 169 hours (end of the second 24 hour period of cycle 3). Once the fourth 
cycle commenced, the initial voltage was remarkably decreased in comparison with the initial 
voltage of cycle 3. The recorded voltage at 169.5 hours was 5.4 V. The observed decline in zero-
time voltage of cycle 3 and cycle 4 could be interpreted by a significant increase in initial 
conductivity value. Throughout the fourth cycle, the voltage sharply reduced to 4.24 V from the 
initial 5.4 V .The reason is a sharp increase in the conductivity of the relevant time interval. 
 pH variations (Fig.4-33b) of the third and fourth cycle demonstrated distinctive behaviors 
specifically at the start point of cycle 3. The measured pH was 2.47 at 121 hours (cycle 3 start 
point) which is 0.5 higher than the initial pH of the second cycle. During the first 24 hour period 
of cycle 3, the pH steadily declined to 2.05 while the intensity of variations dumped throughout 
the second 24 hours of cycle 3 and gave pH equal to 2 at 169 hours. Then, the initial pH of cycle 
4 was 1.96 whereas the typical trend was observed throughout the last 24 hour period of retention 
time. The pH gradually increased to 2.08 which is noteworthy to assess. The reasons could be 
related to an increase in the number of hydroxide ions due to poorer ammonia oxidation reactions 
(See Eq. 3-5). The 0.66% reduction in ammonia removal efficiency in comparison with the first 
24 hour exposure time of cycle 3 proves the described justification.  
Although the obtained ORP (Fig.4-33c) at the end of each 24 hours was congruous with the results 
of previous cycles (cycle 1 and cycle 2), the initial ORP of cycle 3 and cycle 4 showed a strongly 
reduction state with the amount of - 68.83 mV and -29.5 mV at 121 hours and 169.5 hours, 
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respectively. During the first 24 hour period of cycle 3, ORP increased to 387.8 mV at 145 hours 
which was 10 mV lower than the ORP of the second 24 hour exposure time of cycle 2. ORP 
constantly declined to 366.9 mV while the slope of variation was - 0.87 mV/h which was 
significantly higher than the second 24 hour period of cycle 2’s variation slope. In the exposure 
time of the cycle 4 (the last 24 hour exposure time of overall exposure time), the ORP sharply 
increased to 374.8 mV which was 13 mV lower than ORP of the first 24 hour interval of cycle 3. 
 The conductivity curve (Fig.4-33d) of cycle 3 demonstrated that the initial conductivity 
significantly dropped to 34.6 mS/cm which was 49.5 mS/cm lower than initial conductivity of the 
second cycle. Although the conductivity increased sharply in the first and second 24 hour period 
of cycle 3 and was 118.67 mS/cm and 160 mV/cm at 145 hours and 160.3 hours, the end point 
conductivity of the third cycle was remarkably lower than cycle 2’s relevant conductivity (206.8 
mS/cm). Besides, a congruous trend was observed for voltage variation meanwhile the third cycle 
in which the voltage declined to 4.71 V at 169 hours (end point of cycle 3) from 5.84 V at 121 
hours (start point of cycle 3). The initial value of conductivity of cycle 4 with the magnitude of  
(58.5 mS/cm) considerably recovered in comparison with the third cycle’s initial value. However, 
the resulted conductivity of cycle 4 was pointedly lower than initial conductivity of cycle 2 (84.1 
mS/cm). During the last 24 hour period, the conductivity raised to 130.3 mS/cm. One of the 
highlight of the conductivity curve would be the sensible decline once the peaks of cycle 2, cycle 
3 and cycle 4 are compared with cycle 1’s peak.  The reason is related to available 
electrochemically active ions which were existed at the relevant monitoring time. Therefore, the 
highest number of ions fits in cycle 1’s peak. 
The temperature variations (Fig.4-33e) presented that the initial temperature of cycle 3 with the 
value of 21.2 ̊ C was remarkably higher than the zeroth time of the process (15.5 ̊ C) although the 
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recorded difference between the second and the third cycle initial temperature was high. 
Furthermore, the measured difference showed that the initial temperature of cycle 3 was 14 ̊ C 
lower than cycle 2’s one. In the first 24 hour exposure time of cycle 3, temperature increased to 
32 ̊ C while the trend of the second 24 hour period was slightly downward and the given 
temperature at the end of cycle 3 was 31 ̊ C. According to cycle 4’s results, the obtained 
temperature at 169.5 hours (start point of the fourth cycle) was 20 ̊ C and the temperature sharply 




Figure 4- 33 Variations of monitored parameters for the relevant experiments of the Stage 4-2, medium 
scale EF-SBR; a) voltage versus time; b) pH versus time c) ORP versus time; conductivity versus time e) 
temperature versus time 
 
Ammonia removal efficiency (Fig.4-34a) of the third cycle provided a significant improvement 
comparing to the relevant results of each individual 24 hours of the second cycles. For instance, 
the removal efficiencies of the first and the second 24 hour period of the third cycle were 99.2% ± 
0.12% and 99.62% ± 0.12% while the achieved efficacies of the second cycles were 98.43% ± 
227 
 
0.12% and 99.03% ± 0.12% at 96.5 hours (the first day of cycle 2) and 120.5 hours (the second 
day of cycle 2), respectively. Also, the highest removal efficiency was achieved at the end of the 
third cycle with the magnitude of 99.62%± 0.12%. Although the removal efficiency of the first 24 
hour period of cycle 3 declined in comparison with the first 24 hour period of the third cycle, the 
achieved efficiency with the value of 98.54% still outpaced the removal efficiency of the first 24 
hour exposure time of cycle 2 that was equal to 98.43% ± 0.12%.Therefore, it can be speculated 
that the increase in the number of cycles will improve the ammonia removal efficiency and make 
it feasible to decrease the exposure time to 24 hours  after completing 2 cycles from the zero time 
in case the aim is removing ammonia predominantly. 
 The results indicate that the removal efficiency of TKN (Fig.4-34b) significantly declined at the 
end of the first day of cycle 3 and showed 91.86% ± 0.14% at 145 hours. Comparing the results of 
the first 24 hour period of the third cycle with the first day of the second cycle showed that the 
efficiency dropped, and the obtained difference was 6.49% which was equal to 908.6 mg/L excess 
in the remaining TKN concentration. Although the efficiency of cycle 3 recovered at the end of 
the cycle 3 (169 hours), cycle 2’s end point provided 1.17 % higher efficiency. During the 24 hour 
exposure time of cycle 4, the removal efficiency of TKN was lower compared with the first 24 
hour period of the third cycle and the analyzed value at the end of exposure time was 91.14% ± 
0.14%. The difference between the analyzed magnitude of cycle 4 and the removal efficiency of 
the first 24 hour period of cycle 3 was 0.72%. So, increase in number of SBR cycles would have 
an adverse effect on removal efficiency of TKN and leads to lower removal efficacy.  
  Total nitrogen removal efficiency (Fig.4-34c) of the first 24 hour exposure time of the cycle 3 
fell to 90.82% ± 0.17% which was 5.49% lower than the first 24 hour period of the second cycle’s 
one. However, a significant increase in removal efficiency was observed at the end of cycle 3 with 
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the removal efficiency of 98.26% ± 0.17% and it outpaced the relevant cycle’s 3 removal 
efficiency by giving 1.98% higher efficacy. Cycle 4’s results demonstrated a slight difference with 
cycle 3’s total nitrogen removal efficiency and gave 90.34% ± 0.17% at 193.5 hours (end of cycle 
4). In case the first 24 hour period of cycle is considered as reference of juxtaposition, it would not 
be feasible to achieve a similar allowable remained concentration as cycle 2 by increasing the 
number of cycles. It might be questionable why we increased the number of cycle although the 
excellent removal effectiveness was obtained at the end of the first 24 hour exposure time of cycle 
2. The response is providing identical condition to analyze all target compounds at the same time 
intervals. 
The last target compounds which is assessed in analysis is organic nitrogen (Fig.4-34d). The poor 
results of the first 24 hour period of cycle 3 and cycle 4 with the magnitudes of 64.93% ± 0.17% 
and 64.03% ± 0.17% make it untenable to shorten the exposure time of the following cycles to 24 
hours. In addition, the final removal efficiency of cycle 3 with the value of 88.26% was 
significantly lower than cycle 2’s one (95.87%). 
 Therefore, an increase in the number of cycles would not lead to a higher removal efficiency in 
the first 24 hour exposure time of the fourth cycle and a harmonic decline was observed in the first 
24 hour period results once the number of cycles was increased.  
 
 
Table 4- 6 Characteristics of the initial concentrations of the ammonia, TKN, total nitrogen and, organic 
nitrogen in the raw wastewater and the beginning of each cycle medium scale results; cycle 1, cycle 2, 
cycle 3 and cycle 4 initial concentration 
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No. Exp. Ammonia [mg/L] TKN [mg/L] Total nitrogen [mg/L] Organic nitrogen [mg/L] 
Initial 
(Cycle 1) 
11000.0 14000.0 14500.0 3000.0 
42-72.5h 
(Cycle 2) 
8707.5 11100.1 11560.0 2392.6 
42-121h 
(Cycle 3) 
8912.7 11361.6 11824.1 2448.9 
42-169.5h 
(Cycle 4) 
9195.9 11759.1 12202.9 2564.0 
 
 
Figure 4- 34 Removal efficiencies of the pollutants versus time for Stage 4-2, medium scale EF-SBR; a) 
ammonia removal efficiency, b) TKN removal efficiency; c) organic nitrogen removal efficiency; d) total 




4-4-2-2.    Impact of number of cycles on large scale EF-SBR efficiency 
The second scope of Stage 4-2 is related to the investigation of the impact pf the number of cycles 
on removal efficiency and consequent feasibility analysis of lessening exposure time for each 
individual cycle. Thereafter, the overall exposure time would be analyzed to assess the possibility 
of decreasing it. The Exp.46 is selected for study for the second scope of Stage 4-2 in which 30% 
hydrogen peroxide is utilized as oxidizing agent. The analyzed experiment of the second scope of 
Stage 4-2 is the Exp.46. 
 The variations of voltage (Fig.4-35a) in compartment 1 showed that increasing current did not 
result in a higher cell potential in the system at the start point of the third cycle. To clarify the 
statement, it should be mentioned that the initial voltage of cycle 3 was 4.4 V while the voltage of 
the fourth 12 hour exposure time of cycle 2 was equal to 4.3 V. Meanwhile the first 12 hour period 
of the third cycle, the voltage steadily decreased to 4 V while the Exp.46 experienced a stabilized 
condition throughout the second 12 hour exposure time with an identical voltage at 145 hours. 
Then, gradual decline was observed and the measured voltage was 3.8 V at 157 hours (end of the 
third 12 hours). While on the other hand voltage magnitude stabilized during the last 12 hour 
period. Therefore, the voltage fluctuated between 3.8 V to 4.4 V which was a relatively narrower 
range in comparison with compartment 3’s variations.  
 The curve of voltage variations in compartment 3 demonstrated that the initial voltage of the third 
cycle was 6.47 V which was slightly lower than initial voltage of the second cycle with the value 
of 6.7 V. Although the obtained initial voltage of cycle 3 was lower than cycle 2’s one, the initial 
conductivity of cycle 3 also gave lower magnitude in comparison with the second cycle which is 
anticipated to be reversed. The reason could be related to prevalence of electron-transfer control 
instead of Butler-Volmer control state. To clarify the difference between Butler-Volmer and 
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electron-transfer control, it is important to consider the concentration of target oxidized compound 
on the surface of electrode and the bulk concentration. Once the Butler-Volmer equation is 
governing condition, the concentration at the surface is equal to the concentration in the bulk 
electrolyte (Cs = Cb). While on the other hand, electron - transfer control leads to a lower 
concentration at the electrode surface compared with the bulk one (Cs < Cb) [4-12]. Therefore, 
heterogenous distribution of concentration directs to a lower initial cell potential. In the first 12 
hour period of cycle 3, the voltage significantly fell to 5.25 V. However, the tendency of the 
changes during the second 12 hour period of the third cycle was slightly upward and gave 5.32 V 
at 145 hours. Throughout the remaining 24 hours, the Exp.46 faced a sharp decline during the third 
12 hour exposure time of cycle 3 which provided 4.85 V at 157 hours while the slope of decrease 
dampened and gave 4.8 V at the end of the exposure time.  
The pH curves (Fig.4-35b) of all three compartments fitted and the offset between each pair of 
curves was less than 0.05. Therefore, compartment 2 is selected as the zone of investigation to 
analyze the pH variations meanwhile the third cycle. At the initial point of cycle 3, the measured 
pH was 2.7. A significant decline in comparison with initial pH of the second cycle demonstrated 
that the electrochemical oxidation reactions led the electrolyte to be in stronger acid state. In the 
first, the second and the third 12 hours of the third cycle, pH sharply decreased to 0.85 at 157 hours 
(end of the third 12 hours of cycle 3), while the tendency of variation was upwards and provided 
pH equal to 1.13 at 169 hours. 
  Unexpectedly, the initial ORP (Fig.4-35c) of cycle 3 with the value of -51.83 mV was remarkably 
lower than the initial ORP of the second cycle (-26.2 mV at 72.5 hours). During the first, the second 
and the third 12 hour period of the third cycle, all three compartments gave the approximately 
similar value with less than 5 mV difference while the offset between compartment 3’s ORP curve 
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and two other components emerged. In the second 12 hour exposure time of cycle 3, the reactions 
took place in the reaction state due to attained negative value for ORP (-26.1 mV) at the end of the 
time interval (133 hours). Then, ORP increased to 220.7 mV at 157 hours which showed that the 
reactions were in a strong oxidation state. During the third 12 hour period of cycle 3, ORP kept 
increasing and the obtained ORP was equal to 256.2 mV at 157 hours. Comparing cycle 2 and 
cycle 3 results, the peak was obtained at the end of the last 12 hour exposure time of cycle 2 while 
the similar ORP (with 2 mV difference) was obtained at the third 12 hour period of the cycle 3. 
Therefore, it can be interpreted that oxidation reactions were evolved relatively quicker during the 
third cycle in comparison with the second cycle which can be considered as one of the advantages 
of increasing the number of SBR cycles. For the last 12 hour interval, ORP variations demonstrated 
distinctive behavior due to giving similar ORP for compartment 1 and compartment 2. While on 
the other hand, compartment 3’s ORP was 36 mV lower than the rest components. Therefore, it 
can be speculated that the oxidation reactions were not homogenously taken place in the EF-SBR 
meanwhile the last 12 hour period of cycle 3. It might be initiated from the absence of mixing in 
the system.   
  Conductivity curves (Fig.4-35d) of all three compartments were fitted while conductivity of 
compartment 1 was slightly lower and the difference was less than 5 mS/cm. The minimal initial 
conductivity was achieved in cycle 3 with the value of 25 mS/cm that was significantly lower than 
the conductivity of raw wastewater electrolyte (61.4 mS/cm). during the first and second 12 hour 
period of the third cycle, conductivity was sharply increased and given 76.5 mS/cm at 145 hours. 
Throughout the third and fourth 12 hour exposure time, the changes increased, and the final 
achieved conductivity was 113.18 mS/cm at 169 hours. The differences among the slopes of 
conductivity curves originated from distinctive initial concentrations of each cycles. As presented 
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in Table 4-6, available concentrations of target electroactive compounds determine the pathway of 
conductivity raising throughout each individual cycle. Once the available concentration is higher, 
the conductivity ascending variations of the first and second 12 hour period develop quicker (See 
Fig.35d). However, subsequent effects of available conductive ions (hydroxide ions) on the ORP 
and the conductivity leads to have relative behavior in evolving conductivity respect on obtainable 
concertation and hydroxide ions. The hydroxide ions increased in the electrolyte. As a result, the 
conductivity slope increased faster. 
Temperature variations (Fig.4-35e) demonstrated that the initial temperature of the third cycle was 
18.7 ̊ C which was like the initial temperature of cycle 2 with a 0.1 ̊ C difference. The reason was 
the slightly equal temperature at the end of cycle 1 and cycle 2 which contributed as remained 
effluent temperature in the initial point of their relative following cycle. Due to identical 
temperature of influent, initial temperature of cycle n is dependent on the final temperature of cycle 
n-1’s effluent. During the first 12 hour exposure time of cycle 3, temperature sharply increased to 
32.4 ̊ C because of majorly electrochemical oxidation reactions and minorly ohmic heat. In the 
second 12 hour period of cycle 3, temperature consistently declined to 29.6 ̊ C while the tendency 
of variations was stable throughout the third 12 hour exposure time of the third cycle and given 
29.5 ̊ C at 157 hours. During the last 12 hour period, temperature gradually decreased to 29 ̊ C 





Figure 4- 35 Variations of monitored parameters for the relevant experiments of the Stage 4-2, large scale 
EF-SBR; a) voltage versus time; b) pH versus time c) ORP versus time; conductivity versus time e) 
temperature versus time 
 
 
 Considering Figure 4-36 and Table 4-7 which describe the removal efficiencies of target 
compounds and initial concentration of each cycle, removal efficiency analysis reveals that 
increase in number of cycles leads to higher efficiency for all target compounds at the end of the 
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second 12 hour exposure time of the third SBR cycle (145 hours). To support the statement, 
ammonia removal efficiency (Fig.4-36a) increased for 0.67% from 84.97% ± 0.17% at 96.5 hours 
(end of the second 12 hour period of the second cycle). In addition, TKN removal efficiency 
significantly improved and outpaced cycle 2’s relevant results. The achieved TKN removal 
efficiency at 145 hours (the second 12 hour exposure time of the third cycle) was 72.39%± 0.17% 
which was 5.12% higher than cycle 2’s one. Furthermore, total nitrogen removal efficiency also 
increased for 8.13% which was tantamount to 1178.85 mg/L TKN removal concentration and the 
obtained removal efficiency at the second 12 hour interval of the third cycle was 71.58% ± 0.17%. 
The offset between the second 12 hour period of cycle 2 and cycle 3 was emerged once organic 
nitrogen removal analysis was assessed. The removal efficiency was enhanced for 21.46% which 
was around 9 times higher than the efficiency at 96.5 hours (the second 12 hour period of cycle 2) 
and the obtained efficiency was 23.83% ± 0.17%. 
In addition, slightly improvement (0.11%) was observed for TKN removal efficiency (Fig.4-36b) 
at the end of exposure time (end of cycle 3) in juxtaposition with the recorded removal efficiency 
at the relative time (120.5 hours) of cycle 2 in which 92.84% ± 0.17% efficiency was achieved. In 
contrast, total nitrogen removal efficiency (Fig.4-36c) slightly declined at the end of cycle 3 in 
comparison with cycle 2’s end point results (92.84 % ± 0.22%) and gave 92.08% ± 0.22% at 169 
hours (end of cycle 3). Ammonia and organic nitrogen removal efficiencies reached identical 
values individually which were equal to cycle 2’s corresponding efficiencies at the end of the third 
cycle. The obtained values were 99.05% ± 0.17% and 70.58 % ± 0.34%, respectively.  
According to significant improvement in the second 12 hour exposure time of the third cycle, 
increasing the number of cycles led to better removal efficiency. In addition, the final results of 
cycle 3 also demonstrated a slight improvement with respect to TKN removal efficiency. Since the 
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aim of this research is obtaining high removal efficiency for TKN, increasing the number of SBR 
cycle is recommended. Also, approximately similar ammonia removal efficiency as the final 
results of cycle 1 supports the conclusion. The difference between mentioned ammonia removal 
efficiencies is equal to 0.11% and cycle 3’one is lower. 
 It might be questionable if it is possible to extend the conclusions of Stage 4-2 to medium and 
large-scale experiments with 50% hydrogen peroxide purity. The justification proposes that 
considering the worst condition by utilizing 30% hydrogen peroxide and obtaining tangible results 
would guarantee that enhancing experimental conditions (utilizing 50% hydrogen peroxide) 
increases the probability of achieving a better removal efficiency. It is suggested to analyze the 
enhanced experimental condition results in future work. 
Table 4- 7 Characteristics of the initial concentrations of the ammonia, TKN, total nitrogen and, organic 
nitrogen in the raw wastewater and the beginning of each cycle of the large scale; cycle 1, cycle 2, and 
cycle 3 initial concentration 
No. Exp. Ammonia [mg/L] TKN [mg/L] Total nitrogen [mg/L] Organic nitrogen [mg/L] 
Initial  
(Cycle 1) 
11000.0 14000.0 14500.0 3000.0 
46-72.5h 
(Cycle 2) 
9100.8 11680.5 12280.5 2715.6 
46-121h 
(Cycle 3) 









Figure 4- 36 Removal efficiencies of the pollutants with time for Stage 4-2, large scale EF-SBR; a) 
ammonia removal efficiency; b) TKN removal efficiency; c) total nitrogen removal efficiency; d) organic 











Table 4- 8 Removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 4 


















42-72 h 99.24 ± 0.1 98.35 ± 0.12 96.55± 0.15 96.4± 0.26 
30% purity 
H2O2; 2 SBR 
Cycle 
45-72 h 99.54 ± 0.12 99.01± 0.14 97.5± 0.17 97.06± 0.28 
50% purity 
H2O2; 2 SBR 
Cycle 
42-96.5 h 98.43 ± 0.1 98.71± 0.12 99.04± 0.15 99.6± 0.26 
30% purity 
H2O2; 2 SBR 
Cycle 
45-96.5 h 99.02± 0.12 99.13± 0.14 99.54± 0.17 99.67± 0.28 
50% purity 
H2O2 ; 2 SBR 
Cycle 
42-120.5 h 99.03 ± 0.1 98.35± 0.12 96.31± 0.17 95.87± 0.26 
30% purity 
H2O2; 2 SBR 
Cycle 
45-120.5 h 99.23 ± 0.12 98.63± 0.14 97.7± 0.17 94.56± 0.28 
50% purity 




44-60 h 99.46 ± 0.15 99.46± 0.17 95.76± 0.17 92.22± 0.32 
50% purity 
H2O2; 2 SBR 
Cycle 
46-60 h 98.72 ± 0.17 96.26± 0.17 93.98± 0.17 86.26± 0.34 
30% purity 
H2O2; 2 SBR 
Cycle 
44-72 h 99.48 ± 0.15 97.18± 0.17 95.76± 0.17 91.05± 0.32 
50% purity 
H2O2; 2 SBR 
Cycle 
46-72 h 99.16 ± 0.17 96.45± 0.17 94.88± 0.17 86.48± 0.34 
30% purity 
H2O2; 2 SBR 
Cycle 
44-96.5 h 86.85 ± 0.15 72.95± 0.17 71.01± 0.17 2.00± 0.32 
50% purity 
H2O2; 2 SBR 
Cycle 
46-96.5 h 84.97 ± 0.17 67.27± 0.17 63.45± 0.17 2.37± 0.34 
30% purity 
H2O2; 2 SBR 
Cycle 
44-120.5 h 99.06 ± 0.15 96.64± 0.17 95.74± 0.17 87.79± 0.32 
50% purity 
H2O2; 2 SBR 
Cycle 
46-120.5 h 99.05 ± 0.17 92.95± 0.17 92.84± 0.17 70.58± 0.34 
30% purity 






Table 4-8 Continued- removal efficiencies of ammonia, TKN, total nitrogen, and organic nitrogen for all 
experiments of Phase 4 
Stage 4-2; 
medium scale 
42*-72 h 99.24± 0.1 98.35± 0.12 96.55± 0.15 96.4± 0.26 
30% purity 
H2O2; 4 SBR 
Cycle 
42*-96.5 h 98.43± 0.1 98.71± 0.12 99.04± 0.15 99.6± 0.26 
30% purity 
H2O2; 4 SBR 
Cycle 




42*-145 h 99.2± 0.1 91.86± 0.12 90.82± 0.15 64.93± 0.26 
30% purity 
H2O2; 4 SBR 
Cycle 
42*-169 h 99.62± 0.1 97.19± 0.12 90.34± 0.15 64.03± 0.26 
30% purity 
H2O2; 4 SBR 
Cycle 
42*-193.5 h 98.54± 0.1 91.14± 0.12 98.26± 0.15 88.26± 0.26 
30% purity 




46*-60 h 98.72± 0.17 96.26± 0.17 93.98± 0.17 86.26± 0.34 
30% purity 
H2O2; 3 SBR 
Cycle 




46*-96.5 h 84.97± 0.17 67.27± 0.17 63.45± 0.17 2.37± 0.34 
30% purity 
H2O2; 3 SBR 
Cycle 
46*-120.5 h 99.05± 0.17 92.84± 0.17 92.84± 0.17 70.58± 0.34 
30% purity 
H2O2; 3 SBR 
Cycle 
46*-145 h 85.63± 0.17 72.39± 0.17 71.58± 0.17 23.83± 0.34 
30% purity  
H2O2; 3 SBR 
Cycle 
46*-169 h 99.05± 0.17 92.95± 0.17 92.08± 0.17 70.58± 0.34 
30% purity 
H2O2; 3 SBR 
Cycle 
 
 Table 4-8 provides the removal efficiencies of Stage 4-1 and Stage 4-2 for both medium and large 
scales. The highest ammonia removal efficiency of Stage 4-1, medium scale, was achieved by the 
Exp.45 (50% purity hydrogen peroxide) at the end of the first cycle. It was 99.54% ±0.12%. In 
addition, the highest detected TKN removal efficiency was at the first 24 hour period of cycle 2 in 
the Exp.45 with the value of 99.13% ± 0.14%. Furthermore, the highest removal efficiency of total 
nitrogen and organic nitrogen were achieved at the end of the first 24 hour exposure time of the 
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second cycle of the Exp.45 with the value of 99.54% ± 0.17% and 99.67% ± 0.28%, respectively. 
According to large scale results of Stage 4-1, specifically, the Exp.44, the best efficiency of target 
components were achieved at 60 hours with the magnitudes of 99.24% ± 0.15%, 98.35%± 0.17%, 
96.55% ± 0.2%, and 96.4% ± 0.32% for ammonia, TKN, total nitrogen, and organic nitrogen, 
respectively. Th final results of the Exp.44 which were achieved at the end of the second cycle 
were tenable. The reason is achieving promising removal efficiency in 48 hours. Besides, other 
target compounds were also achieved acceptable removal efficiency values. The values of 99.06% 
± 0.15%, 96.64% ± 0.17%, 95.74% ± 0.2%, and 87.79% ± 0.32% were obtained for ammonia, 
TKN, total nitrogen, and organic nitrogen at the end of cycle 2 correspondingly.  
the medium scale EF-SBR (Stage 4-2) results demonstrated that the best removal efficiency was 
reached at the end of the first cycle. The achieved values were 99.24% ± 0.12%, 98.35% ± 0.14%, 
96.55% ± 0.17%, and 96.4% ± 0.28% for ammonia, TKN, total nitrogen, and organic nitrogen, 
respectively. The removal efficiency of total nitrogen enhanced at the end of the fourth cycle and 
it reached 98.26% ± 0.17% at 193.5 hours. It is essential to mention that total nitrogen was the 
only compound that faced enhancement once the number of SBR cycles were increased to 4. 
Outstanding removal efficiency was achieved after one-day exposure time at 96.5 hours (the first 
24 hour period of cycle 2) for all target compounds. The achieved results were 98.43%, 98.71%, 
99.04%, and 99.6% for ammonia, TKN, total nitrogen, and organic nitrogen, respectively. 
The results of large scale EF-SBR (Stage 4-2) showed that the removal efficiency of ammonia was 
99.05% ± 0.17% at the end of the third cycle. The achieved value was the best removal efficiency 
among all analyzed points in large scale E. In addition, it was identical with the final results of the 
second cycle. the best TKN removal efficiency was achieved at 72 hours with the value of 96.45% 
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± 0.17%. On the other hand, increasing number of cycles leads to TKN removal efficiency with 
the value of 92.95% ± 0.17% at the end of the third cycle. 
 The results of large scale EF-SBR (Stage 4-2) demonstrated that the bestt efficiency was obtained 
at the end of the first cycle (72 hours) with the value of 94.88% ± 0.22%. In addition, the highest 
removal efficiency among the following cycles belonged to the end point of cycle 2 with the value 
of 92.84% ± 0.22%. Due to obtaining a lower total nitrogen removal efficiency at the end of the 
third cycle, it can be interpreted that nitrite and nitrate compounds evolved throughout the third 
cycle in EF-SBR.  
The final target compound which was analyzed in large scale EF-SBR (Stage 4-2) was organic 
nitrogen. The best removal efficiency was achieved at the end of the first cycle (72 hours) . The 
obtained value was 86.48% ± 0.34%. In addition, an identical value of 70.58% ± 0.34% was 
obtained at the end of the second and third cycle. Therefore, it is fair to speculate that the 
contribution of increasing the number of SBR cycles is enhancing the removal efficiency of TKN 
and all three remained target compounds are provided slightly or identically similar magnitudes in 
the second and third cycle. So, increasing the number of cycle is expected to be functional in 
decreasing the hydraulic retention time (HRT) and subsequently overall exposure time for the 
following cycles and the results are validated by the three-cycle experiment. 
Table 4-9 describes the sludge production of a group of experiments which are selected among 
each phase of this study. Small scale experiments gave significant amount of sludge per liter while 
the upscaling mitigates the sludge production per liter. In the other words, considering four 
individual run with the exposure volume and experimental conditions of the Exp.17 (500 mL)  is 
expected to give a significantly  higher amount of sludge production. While on the other hand the 
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obtained sludge production per liter is much lower than upscaling expectations. Surprisingly, 
increasing the number of SBR cycles resulted in a negligible increase in the amount of sludge 
production which proves the promising performance of EF-SBR. 
Table 4- 9 Amount of sludge production and sludge mass per liter for small scale, large scale, and 
medium and large EF-SBR 
No. of Experiment Sludge production (g) Sludge mass per Liter (g/L) 
1-small scale 2.75 5.50 
17-small scale 2.35 4.70 
19- small scale 10.58 21.16 
26 – small scale 5.78 11.56 
40- large scale 42.96 7.39 
45 – medium scale 2 SBR cycle 22.51 5.86 
42 – medium scale 4 SBR cycles 44.90 7.91 











Chapter 5 Investigation of EF-SBR process kinetics 
 
Chapter 5 demonstrated that a novel EF-SBR achieved objectives of the thesis, i.e. decrease the 
TKN and ammonia content in wastewater by 67.96 % and 70.3%, respectively for around 1.7 times 
higher concentration of TKN and ammonia. However due to the novelty of the system, the 
physicochemical processes taking place in the system are unknowns. Subsequently, additional 
study was conducted with attempting to recognize kinetics of contaminant degradation taking 
place in the EF-SBR. 
 
5-1. Experimental analysis 
The raw wastewater was sampled after one year from the same point source as previous 
investigated influent. The concentrations of pollutants were significantly increased in comparison 
with the previous sample. The initial concentrations of compounds and characteristics of 
wastewater are provided in Table 5-1. To find out the kinetics of degradation for each individual 
compound, 37 points were considered for monitoring and 111 samples were collected from all 
compartments of the EF-SBR during 5 consecutive days of the observations. The experimental 








Table 5- 1 Characteristics of the studied wastewater for investigation of the kinetics  
Characteristics of the wastewater Value 
Ammonia (NH3) [mg/L] 18000.0 
Total kjeldahl nitrogen (TKN) [mg/L] 23600.0 
Organic nitrogen (ON) [mg/L] 5600.0 
Nitrate (NO3-) [mg/L] 210.0 
Nitrite (NO2-) [mg/L] 5.0 
Total nitrogen (TN) [mg/L] 23815.0 
Sulfate (SO42-) [mg/L] 34500.0 
Ferrous (Fe2+) [mg/L] 2901.4 
Total suspended solids [g] 19.8  
pH 6.8 
Conductivity [mS/cm] 100.6 
Oxidation reduction potential (ORP) [mV] -61.4 
 
The monitoring parameters are voltage, pH, ORP, conductivity, and temperature. The variations 
of the mentioned parameters are illustrated in Figure 5-1, Figure 5-2 , Figure .5-3, Figure .5-4, and 
Figure 5-5, respectively. The first cycle exposure time was 73.5 hours while the second cycle 
exposure time was 44.83 hours. Furthermore, 2.67 hours was considered for the preparation of the 
influent of cycle 2.  
According to Figure 5-1, the variations of the voltage values demonstrated the smooth fluctuations 
meanwhile 37.4 hours for both compartments. In addition, the obtained voltage at 37.4 hours were 
3.45 V and 4.75 V for compartment 1 and compartment 3, respectively. During 2.6 hour-period 
(from 37.4 hours to 39 hours) , both compartments experienced a sharp decline and the voltage of 
the compartment 1 and 2 decreased and gave 2.73 V and 3.97 V, respectively at 39 hours. The 
observed decline can be expressed as the initiation of a high fluctuation region which was observed 
throughout the time interval between 37.41 hours and 73.5 hours. The lowest detected voltage and 
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the highest one for compartment 1 were 2.46 V at 61.75 hours and 3.86 V at 50.75 hours. The 
analysis of the voltage variations of compartment 3 in the time interval between 37.41 hours and 
73.5 hours demonstrated that the lowest and highest voltages were 3.51 V at 61.75 hours and 4.3 
V at 59.25 hours, respectively. It is important to consider that the detected voltage of compartment 
3 at the same monitoring point (50.75 hours) in which compartment 1 gave the highest voltage 
was 4.28 V. Consequently, it can be fairly described that the highest and lowest voltage of both 
compartments were observed at the congruous monitoring time. Those monitoring-time points 
were 50.75 hours and 61.75 hours, respectively.  
Once the second cycle of the SBR commenced at 76.17 hours, the current set as the initial current 
of the first cycle, and the resulted voltage for both compartments were 3.5 V and 4.92 V, 
respectively. It is fair to consider three regions to assess the variations of voltage during the second 
cycle. The first time interval of the second cycle is between 76.17 hours and 85.34 hours. The 
second region is between 86.34 hours and 99.18 hours, and finally the last time interval is started 
from 99.18 hours and continued for 21.82 hours. Throughout the first time interval of the cycle 2, 
the variations of the voltage values were smooth in both compartments. The obtained voltage 
magnitudes at 86.34 hours are 3.42 V and 4.66 V for compartment 1 and compartment 3, 
respectively. During the second time interval, the variations were adverse and the predominant 
trend of voltage variations changed, and gave higher voltage for compartment 1. At 97.34 hours, 
the compartment 1’s voltage increased quickly and reached 4.42 V while compartment 3’s voltage 
was 3.26 V. However, the predominant trend reobtained at 99.18 hour and compartment 3’s 
voltage outpaced compartment 1’s one. The detected voltage values were 3.22 V and 4.26 V for 
compartment 1 and compartment 3, respectively. Meanwhile the third time segment of the cycle 
2, the variations were smooth except at 110.35 hours for compartment 3 in which the measured 
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voltage fell to 3.81 V from 4.09 V at 109.35 hours. The final values which were detected at the 
end of the second cycle (121 hours) were 3.16 V and 3.96 V. Due to the presence of extremely 
high concentrations of the pollutants, considering the conventional relationship between voltage 
and conductivity was not practical. Since the conventional relationship was applicable for lower 
concentrations of pollutant which are present in the electrolyte [4-12]. 
pH variations of all three compartments were provided in Figure 5-2. Due to similar obtained pH 
values in each monitoring point for all compartments, it is a fair simplification to assess one 
compartment (e.g. compartment 2) as a representative of the system. However, initial 3.33 hour 
exposure time and the time interval between 12.65 hours and 17.4 hours require individual 
investigation for each compartment because of the distinctive obtained values in each 
compartment.  
  The initial pH of raw wastewater was 6.85. After 1.83 hours, compartment 3’s pH adversely 
changed toward the acidic condition and reached 5.42. At the same monitoring point (1.83 hours) 
the pH of the compartment 1 and compartment 2 gave 6.28 and 6.12, respectively. The pH values 
of all three compartments converged at 3.33 hours to 4.71. Throughout the time interval between 
3.33 hours to 12.65 hours, the tendency of the pH variation of all compartment was sharply 
descending and the obtained pH was around 2.8 at 12.65 hours for all three compartments. The 
second time segment which required individual assessment was started from 12.65 hours and 
continued for 4.75 hours. At 14.4 hours, compartment 3’s electrolyte was the most acidic among 
all compartments with the value of 2.2. Although, the differences among the pH values were not 
significant like the pH magnitudes of initial 3.33 hours, the pH of compartment 1 and compartment 
2 provided 2.2 and 2.23 at 14.4 hours, respectively. In the following 3 hour- period, the pH values 
declined and all compartments reached identical pH at 17.4 hours which was equal to 2.09.  
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 For the remaining 56.1 hours of cycle 1, the pH values were similar in all three compartments and 
the tendency was downwards for a time interval between 17.4 hours to 67 hours. The sharpest 
decrease was observed for the time interval between 17.4 hours and 24 hours and pH was declined 
to 1.31 from 2.09. The pH values smoothly decreased during the time interval between 24 hours 
and 67 hours and the detected pH was equal to 0.05 at 67 hours. Unexpectedly, the tendency was 
upwards for the rest of the 6.5 hours of cycle 1. The final achieved pH was 0.64  at 73.5 hours 
which was around 13 times larger than the observed pH at 67 hours. 
The initial pH value of cycle 2 was 3.4. Meanwhile the time interval between 76.17 hours (cycle 
2’s start point) and 86.34 hours, the trends were decreasing. Furthermore, the measured pH at 
86.34 hours was 1.45. Throughout the time segment between 86.34 hours and 97.34 hours, pH 
kept declining and the obtained pH was 0.78 at 97.34 hours. The fluctuations of pH were smooth 
during the remained 23.66 hours. Although the tendency was declining throughout the remained 
23.66 hours, two time segment should be considered to determine the distinctive behaviour of pH 
raising. The first time segment is 107.35 hours and 109.35 hours in which pH gradually increased 
to 0.56 at 109.35 hours from 0.49 at 107.35 hours. The second allocated time interval in which pH 
changes demonstrated distinctive behavior starting from 117.35 and continued up to the end point 
(121 hours). pH was increased to 0.36 from 0.27. 
To find out the reason of the relatively lower pH in Exp.48, it should be mentioned that the 
justification is the presence of 34500 mg/L sulfate ions in new sampled wastewater which can be 
considered as extremely high concentration. Whereas, the sulfate concentration of assessed raw 
wastewater for all four phases of study is 4190 mg/L. Therefore, it can be interpreted that high 
concentration of sulfate ions in the raw wastewater of the Exp.48 results lower pH at the end of 
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cycle 1 and cycle 2 in comparison with Exp.44 (2 SBR cycle large scale EF-SBR). It is crucial to 
mention that the experimental condition of the Exp.44 is identical to the Exp.48. 
ORP variations of all three compartments are illustrated in Figure 5-3. According to cycle 1’s 
results, all three curves of variations fitted except in the time interval between 11.15 hours and 
17.4 hours in which ORP of compartment 1 was significantly higher than ORP values of 
compartment 2 and compartment 3. During the time segment between initial and 11.15 hours, the 
tendency was downward, and the process moved toward reduction state in which the ORP declined 
from -60.77 mV to -110.9 mV. Meanwhile the time segment between 11.15 hours and 17.4 hours, 
compartment 1’s ORP increased sharply and it was -32.5 mV at 14.4 hours. While on the other 
hand, ORP of the compartment 2 and compartment 3 gave identical value which was equal to -
87.8 mV. The measured ORP at 17.4 hours provided -79.6 mV for all three compartments. During 
the remaining 56.1 hours, the measured ORP values resulted the same magnitude. Therefore, one 
value would be reported to assess the tendency of ORP changes in the system. During the time 
interval of 17.4 hours to 24 hours, ORP increased to -4.55 mV at 24 hours.  
To compare the required time to observe the process in oxidation state, it should be considered 
that Exp.44’s required time was 12 hours while it took more than 24 hours to obtain oxidation state 
in Exp.48. Throughout the time segment between 24 hours and 27.75 hours, ORP increased to 
309.2 mV which demonstrated a that the process was in strong oxidation state. Throughout the 
time interval between 27.75 hours and 37.41 hours, ORP steadily increased to 349.2 mV at 37.41 
hours. At 37.41 hours to 55 hours, the fluctuations of ORP magnitudes intensified and the 
maximum ORP of Exp.48 achieved at 50.75 hours which was equal to 399.9 mV. Throughout 55 
hours to 73.5 hours the fluctuations and ORP changed in the range between 370.2 mV and 387.55 
mV and the final ORP of cycle 1 was equal to 378.3 mV. 
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After preparing the influent of the second cycle, the initial ORP of cycle 2 was -47.6 mV which 
was higher than the initial ORP of cycle 1 (-60.77 mV). The reason is the contribution of the 
remaining effluent on increasing the initial ORP of purely raw wastewater by mixing. A sharp 
decline detected after 1.17 hours and the recorded ORP was -126.9 mV at 77.34 hours. However, 
ORP recovered to -79.9 mV at 85.34 hours. Throughout the time segment between 85.34 hours 
and 86.34 hours, ORP increased sharply to 324.3 mV which demonstrated that the process was in 
relatively strong oxidation state. It is notable to take into account that the required time to reach 
oxidation state is in the range between 9.17 hours and 10.17 hours. So, increasing the number of 
cycles significantly decreases the required time to reach oxidation state.  
During the time segment between 86.34 hours and 107.35 hours, ORP smoothly changed and gave 
352.1 mV at 107.35 hours. From 107.35 hours to 121 hours, fluctuations intensified, and the lowest 
and highest obtained values were 335.5 mV at 109.35 hours and 387.5 mV at 121 hours, 
respectively. It is crucial to mention that the compartment 1’s ORP was remarkably lower than the 
compartment 2 and compartment 3’s one at 117.35 hours, and the recorded ORP of compartment 
1 was 358.4 mV while obtained ORP values for compartments 2 and 3 were identical and equal to 
376.8 mV at the same monitoring point.  
 According to Figure 5-4, the conductivity variations of all compartments demonstrated adverse 
fluctuations during the first and second cycles. However, the final conductivity of each 
compartment was remarkably higher than the initial conductivity of the system (101.37 mS/cm). 
Furthermore, the final conductivity of cycle 1 and cycle 2 were 193.6 mS/cm and 211.5 mS/cm, 
respectively. The maximum conductivity of cycle 1 was achieved by compartment 2 with the value 
of 235.5 mS/cm at 59.25 hours. Besides, relatively high voltage also obtained at 59.25 hours. So, 
it proves that the studied electrolyte does not follow the conventional governing equation for dilute 
250 
 
electrolyte. In addition, the maximum conductivity of cycle 2 was obtained by compartment 1 with 
the magnitude of 236 mS/cm. 
Figure 5-5 illustrates the variations of temperature in all three compartments.  The fluctuations of 
temperature in all three compartments was adverse and it was not possible to determine overall 
trend for each compartment. The initial and final temperature of cycle 1 were 18.4 ̊ C and 27.8 ̊ C, 
respectively. Also, the maximum temperature of cycle 1 was obtained by compartment 1 with the 
value of 40 ̊ C. Furthermore, the highest temperature of cycle 2 was observed at 85.34 hours with 
the value of 38.5 ̊ C.  
 




Figure 5- 2 pH variations versus time for large scale EF-SBR 
 




Figure 5- 4 Conductivity variations versus time for large scale EF-SBR 
 
Figure 5- 5 Temperature variations versus time for large scale EF-SBR 
 
Figure 5-6 presents the variations of ammonia concentrations. Meanwhile the time segment 
between initial and 27.75 hours, all compartments experienced high and adverse fluctuations and 
production of ammonia observed in the electrolyte. During the time interval between 27.75 hours 
and 50.75 hours ammonia concentrations steadily declined and reached 7100 mg/L, 7490 mg/L, 
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and 8440 mg/L in compartment 1, compartment 2 and compartment 3, respectively. A distinctive 
behavior observed at 55 hours in which compartment 2 and compartment 3 were 9320 mg/L and 
7890 mg/L while compartment 1’s concentration kept declining, and provided 6820 mg/L at 55 
hours. The final ammonia concentration of cycle 1 was 4710 mg/L at 73.5 hours.  
Table 5-2 provides the initial concentrations of cycle 1 and cycle 2 for ammonia, TKN, total 
nitrogen, organic nitrogen, nitrate, nitrite, and sulfate, respectively. When the second SBR cycle 
started, the transient behavior observed for 10.17 hours and the obtained concentrations at 86.34 
hours were 15800 mg/L, 14700 mg/L, and 14300 mg/L for compartment 1, compartment 2, and 
compartment 3, respectively. For the remained 24.66 hours, the overall trend was descending 
except for the time segment between 107.35 hours and 110.35 hours. At 109.35 hours, 
compartment 2 gave the highest concentration among all compartments with the value of 10000 
mg/L. In contrast, the ammonia concentrations of compartment 1 and compartment 3 with the 
values of 8690 mg/L and 8840 mg/L kept descending which was predominant in monitoring point 
of the last 24.66 hours of cycle 2. Finally, the concentration of all three compartments converged 
at 121 hours  
Table 5- 2 The initial concentrations of ammonia, TKN, total nitrogen, organic nitrogen, nitrate, nitrite, 




















18000 23600 23815 5600 210 5.0 34500 
46-73.5h 
(Cycle 2) 
15200 20200 20500 5000 81.7 218.3 33700 
 
According to Figure 5-7, the fluctuations of the TKN concentrations in each compartment were 
high for compartment 1 and compartment 3 meanwhile the time segment between initial and 40.25 
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hours. The resulted concentrations were identical at 40.25 hours for compartment 1 and 
compartment 3 and equal to 14500 mg/L. In addition, the results of compartment 2 demonstrated 
a transient behavior throughout the time interval between initial and 31.91 hours. For 19 hours 
(from 40.25 hours to 59.25 hours), compartment 1 showed a steady decline and reached 7090 mg/L 
while compartment 3 maintained the declining trend for 21.5 hours (from 40.25 hours to 61.75 
hours) and gave 5880 mg/L at 61.75 hours. Compartment 3 preserved a consistent decline for a 
large time extent in comparison with the other compartments. The consistent decline in 
compartment 3 continued for 30.92 hours and gave 6480 mg/L at 62.83 hours. A distinctive 
behavior detected for the last 3.82 hours of cycle 1 in compartment 2 and the final recorded 
concentration of compartment 2 was 5280 mg/L at 73.5 hours which increased from 4930 mg/L at 
70.38 hours. In addition, the final concentrations of cycle 1 were identical for compartment 1 and 
compartment 3 with the value of 4870 mg/L. 
Once the second cycle started, the intensive fluctuations lasted for 10.17 hours and the highest 
concentration of cycle 2 obtained in compartment 1 with the value of 18900 mg/L. Also, the time 
segment between 107.35 hours and 110.35 hours should be assessed for the distinctive trend of 
variations compartment 1 and 2. Subsequently, an ascending and descending variations observed 
for each compartment. While on the other hand, the second transient behavior of compartment 3 
initiated at 109.35 hours and continued for 4.67 hours. The final concentrations of compartment 1, 
compartment 2, and compartment 3 were 4970 mg/L, 5280 mg/L and, 4870 mg/L, respectively. 
The variations of total nitrogen concentrations of compartment 1 were transient throughout the 
whole exposure time of cycle 1 and adverse fluctuations observed. The same behavior observed 
from the second cycle in compartment 1 and gave the final concentrations equal to 5370 mg/L and 
8130 mg/L at the end of cycle 1 and cycle 2, correspondingly (Fig.5-8).  
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 Compartment 2 also showed strong fluctuations during the first 27.75 hour exposure time, and the 
obtained concentration was 20200 mg/L at 27.75 hours. During the time interval between 27.75 
hours and 61.75 hours, the declining trend maintained for compartment 2 and the achieved 
concentration was 6170 mg/L. After a slight fluctuation, the concentration was first increased to 
6930 mg/L. Then declined to 6750 mg/L. Also, an ascending behavior observed for the last 3.28 
hours of cycle 2 in which total nitrogen concertation of compartment 2 increased from 5480 mg/L 
at 70.28 hours to 5710 mg/L at 73.5 hours. The results of compartment 3 demonstrated a transient 
behavior for 48.5 hours to 9280.5 mg/L at 48.5 hours. From 40.25 hours to 61.75 hours, variations 
showed a descending trend and reached 6170 mg/L at 61.75 hours. However, total nitrogen slightly 
increased to 6750 mg/L at 62.83 hours. However, the tendency was descending throughout the last 
10.67 hours and the final measured concentration of cycle 1 was 4870 mg/L. It is noteworthy to 
mention that the maximum total nitrogen concentration was observed in compartment 3 with the 
value of 27600 mg/L at 11.15 hours.  
 The behavior of all compartments was transient throughout the second cycle and the final obtained 
concentration of cycle 2 were 8130 mg/L, 7530 mg/L and, 7730 mg/L for compartment 1, 
compartment 2, and compartment 3, respectively. 
According to Figure 5-9, organic nitrogen concentrations variations did not follow any specified 
trend and the continuous adverse fluctuations were observed throughout the entire exposure time 
of cycle 1 and cycle 2. The recorded organic nitrogen concentrations at the end of cycle 1 were 
440 mg/L, 520 mg/L, and 160 mg/L, respectively. The observed negative value was detected for 
compartment 2 and 3 with the magnitude of -1810 mg/L and -780 mg/L at 55 hours. The reason to 
observe negative values was obtaining a higher concentration of ammonia in comparison with 
TKN that was originated from faster degradation of TKN. During the last 21.82 hour- period (from 
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99.18 hours to 121 hours) of the second cycle, the overall tendency of all compartment was 
ascending. The measured concentration of compartment 1, compartment 2 and, compartment 3 at 
121 hours were 2740 mg/L, 1810 mg/L and, 2090 mg/L, respectively.  
 The similar random behavior observed for the nitrate degradation throughout the entire cycle 1 
and cycle 2. The minimal concentration of the nitrate resulted at 39 hours in compartment 3 with 
the value of 28.5 mg/L. In addition, the concentration of the nitrate in compartment 1 and 
compartment 2 were identical to 95 mg/L at 39 hours. The highest concentration of the nitrate 
observed at 107.35 hours in which compartment 1 was 249.5 mg/L. To have an overview about 
the removal of the nitrate in both cycles, it should be mentioned that the recorded concentration at 
the end of the first cycles were 108.5 mg/L, 121 mg/L and,117.5 mg/L for compartment 1, 
compartment 2 and, compartment 3, respectively. Also, the final analyzed concentrations of cycle 
2 were 106.5 mg/L, 118 mg/L and, 97.8 mg/L, correspondingly (Fig.5-10).  
According to Figure 5-11, all compartments gave similar sulfate concentration at all monitoring 
points except the time interval between 50.75 hours and 59.25 hours. Compartment 3 gave the 
lowest sulfate concentration with the value of 73500 mg/L at 59.25 hours. While on the other hand, 
the detected concentration for both compartment 1 and compartment 2 was identical to 78200 
mg/L. The overall trend of both cycles was ascending, and sulfate evolved in the reactor meanwhile 
the process in both cycles. Except a sharp decrease which was observed at 12.65 hours, the 
ascending tendency preserved throughout the first cycle. The final measured sulfate concentration 
of cycle 1 which was the maximum obtained value of cycle 1 and equal to 88500 mg/L at 73.5 
hours. Throughout the second cycle, sulfate concentrations were identical for all compartments 
and a steady increase observed from the start point of cycle 2 to 86.34 hours. In addition, the 
obtained concentration at 86.34 hours was 70300 mg/L. Sulfate concentration gradually increased 
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during the time interval between 86.34 hours and 97.34 hours and 71500 mg/L recorded at 97.34 
hours. During the time segment between 97.34 hours and 110.35 hours, strong fluctuations 
observed. Subsequently, a sharp increase resulted through 110.35 hours to 117.35 hours and the 
maximum value of sulfate concentration in cycle 2 was obtained with the value of 84900 mg/L at 
117.35 hours. Meanwhile the last 3.65 hours of cycle 2, the tendency was downwards and the final 





Figure 5- 6 Ammonia concentrations variations versus time for large scale EF-SBR 
 




Figure 5- 8 Total nitrogen concentrations variations versus time for large scale EF-SBR 
 




Figure 5- 10 Nitrate concentrations variations versus time for large scale EF-SBR 
 






Due to the transient behaviors of the concentration variations for all pollutant except sulfate, 
possibility of the time-dependent mechanism comes into consideration. To construe the variations 
nature, two approaches were considered. The first approach was the investigation of kinetics of 
the target pollutant degradation. And the second approach was using fractal analysis to find the 
behavior of the dynamical system of this study.  
5-2.  Kinetics of the degradation 
To assess the kinetics of the target pollutant, the finite difference for differential method of analysis 
was proposed (See Section 3-4-3). Due to the transient changes of ammonia, TKN, and total 
nitrogen concentrations mainly in the first and second cycle, it is not feasible to use a differential 
method. The reason is that the resultant negative differential values would not be determinable in 
the domain of applied natural logarithm.  
Even if, the negative (-dCA /dt) values are considered as consumption and effected as a multiplier 
of natural logarithm, the function of ln (-dCA /dt) vs. ln (CA) would be nonlinear and finding the 
reaction order and reaction constant would not be possible.  
An alternative method which is considered by Fogler [3-33] is using nonlinear regression by 
polymath 6.10 and calculating reaction order (α) and reaction kinetics (k) for transient data. The 
approach is proposing two initial guess values (α and k) to see the R-squared value for both initial 
guesses. In case R-squared gives higher than 0.99 for α or k, the resultant value would be replaced 
in Eq.5-1 and the second parameter would be calculated. 











 According to literature review conducted on expected reaction order of ammonia degradation [3-
35], the initial guess value of α should be close to 1. Also, the proper reaction order (α) of TKN was 
near 2. A set of values with the step of 0.02 in range (0.02 to 1) considered for α to assess ammonia 
degradation kinetics. While α values of TKN placed from 1 to 3 with the step size of 0.02. In 
addition, based on the literature review, k considered as initial 0.1 for both ammonia [5-1] and TKN 
increased to 0.15 with step size of 0.05. It is crucial to mention that for each set of initial values of 
α, one magnitude of k was considered, and each new value of k applied on the entire set of α. No 
convergence observed neither for ammonia nor for TKN reaction order or reaction constant. So, 
applying nonlinear regression would not lead to predict reaction mechanism. Moreira et al. [2-126] 
also faced the similar behavior in curve fitting the experimental results with pseudo first order 
kinetics for DOC removal. They could not propose reaction constant for the DOC degradation 
mechanism. 
5-3.  Fractal analysis 
Therefore, the strong dependency of reaction kinetics to initial values draws the attention to fractal 
dynamical system analysis. Due to the successful application of the fractal analysis in diffusion-
influenced reaction kinetics by Barzykin et al. [5-2], fractal analysis could be justified to be applied 
in this study. Barzykin et al’s research also proposed that it would be possible to apply the resultant 
fractal dimensions in the well-known Smoluchowski framework to investigate the transient 
variations. Furthermore, interpreting time-dependent diffusion results could be permissible while 
analyzing the transient behavior of target compounds concentrations (See Section 3-4-2). 
Fractal analysis permits quantifying the signal complexity by a single value, the fractal dimension. 
Based on the model provided by regularization fractal analysis, one of the limitations of box-
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counting method is covered. The described solution was provided by Rimpault et. al [5-3], [5-4] and 
successful results were obtained in the scope of cutting force and acoustic emission signals. In 
addition, the same model is used to describe the transient behavior of concentration variations.  
To describe the methodology of applied regularization fractal analysis, regularization dimension 
is estimated from the convolutions of the signal “s” with different kernels ga and a width of “a”. 
Each convolution product sa is given in Eq. 5-2. 
[5-2]  sa = s* ga 
The kernels ga are calculated based on a rectangle kernel which is an affine function. The 
hypothesis is sa has a finite length which is called la and it is set for the size of ‘a’. The 
regularization dimension DR is computed using: 





The slope estimation is resulted from where ‘a’ values are the smallest and R-squared of a part of 
curve (log la vs. log a) is close to 1. 
Figure 5-3 provides the curves of log la vs. log a for ammonia, TKN, total nitrogen, organic 
nitrogen, nitrate and sulfate in the order of Figure 5-12, Figure 5-13, Figure 5-14, Figure 5-15, 
Figure 5-16, and Figure 5-17, respectively.  For instance, “Ammonia 1” is representative of the 
results of ammonia in compartment 1 of Exp.48 and the same pattern is used to label curves for all 
target pollutants. TKN (Fig. 5-13) and total nitrogen (Fig.5-14) provided the best results with 




Figure 5- 12 regularization dimension curves for ammonia concentrations in compartment1, compartment 
2 and, compartment 3 of Exp.48 
 
Figure 5- 13 regularization dimension curves for TKN concentrations in compartment 1, compartment 2 




Figure 5- 14 Regularization dimension curves for total nitrogen concentrations in compartment 1, 
compartment 2 and, compartment 3  
 
Figure 5- 15 Regularization dimension curves for organic nitrogen concentrations in compartment 1, 




Figure 5- 16 Regularization dimension curves for nitrate concentrations in compartment 1, compartment 2 
and, compartment 3  
 
Figure 5- 17 Regularization dimension curves for sulfate concentrations in compartment 1, compartment 







Ammonia (Fig. 5-12) gives fair results while organic nitrogen (Fig. 5-15), nitrate (Fig.5-16), and 
sulfate (Fig. 5-17) provided relatively poor results due to a narrower range of log (a) for linear 
changes of log la. 
The study of a complex system such as physicochemical phenomena in EF-SBR concluded 




Chapter 6 Conclusions and future work 
 
Chapter 6 contains conclusions from obtained results of the four phases of the study. It also 
discusses future development and potential investigations on practicability of the proposed 
process. The future work discussion is based on precise investigations and feasibility study of 
kinetics of electro-oxidation mechanism and fractal analysis while decreasing the monitoring time. 
6-1. Conclusions 
The best reactor design of the large scale (Phase 3) permitted to decrease the concentration of 
ammonia and TKN from 11000 mg/L and 14000 mg/L/L to 59.4 mg/L and 75.6 mg/L, 
respectively. Also, the novel electro-Fenton Sequential Batch Reactor (EF-SBR) permitted to 
achieve 103.4 mg/L, 470.4 mg/L, and 366.3 mg/L for ammonia, TKN, and organic nitrogen while 
the exposure time of the second cycle was reduced to 24 hours. 
Medium scale EF-SBR design provides the highest removal providing a final concentration of 
107.8 mg/L, 121.8 mg/L, and 9.9 mg/L for ammonia, TKN, and organic nitrogen at the end of 
cycle 2, correspondingly. Furthermore, the exposure time was declined to 48 hours which can be 
considered as one of the notable advantages of EF-SBR.  
Phase 1 
• Phase 1 results demonstrate that anode to cathode surface area ratio plays an important role 
in obtaining a satisfactory removal efficiency. However, the predominant parameter is the 
dimensional quotient (DQ) which should be critically considered for designing EK reactor. 
The optimal DQ was equal to 1. 
• The results show that allocating 12 hours as the time interval of adding hydrogen peroxide 
would give a superior efficiency for ammonia, TKN, total nitrogen, and organic nitrogen 
meanwhile the 60 hour exposure time.  
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• Pretreatment of the present sulfate in the influent would not give an acceptable removal of 
target compounds. The contribution of sulfate ions in declining pH during relatively short 
exposure time is visible.  Its production would generate a range of pH to proceed electro-
oxidation and electro-Fenton reactions in the nitrogen contaminated electrolyte. 
• Supplying Fenton agent (e.g. ferrous sulfate) would significantly enhance the removal 
efficiencies in a small scale. However, due to the externally surge in the sulfate 
concentration when the ferrous sulfate is introduced to EK system, it is suggested to restrain 
of heterogeneous catalyst into the system. It was preferable to maintain the homogenous 
catalytic reactions in the medium. 
• Minimal and maximal current density values of the selected ranges gave unsatisfactory 
results with respect to the pollutant removal. On the other hand, among two moderate 
values, which provided tenable results (at a small scale), 33.33 mA/cm2 was selected as an 
optimal current density. 
• Implementing continuous airflow as a source of an oxidizing agent provides a fair removal 
efficiency for low range of flowrate values. It led to applying airflow in the medium scale 
to evaluate the removal efficiency in the presence of oxygen instead of hydrogen peroxide. 
 
Phase 2 
• According to Stage 2-1 and Stage 2-2 results, using a graphite plate was preferred due 
to an increase in TKN, total nitrogen, and organic nitrogen removal efficiency. 
• The results of Stage 2-3 prove that minimizing current density would lead to poor 
mineralization of the target pollutants and it is crucial to consider a lower limit for 
current density. Then, 21.37 mA/cm2 would be an appropriate value to assess for 
upscaling due to significant decrease in energy consumption. 
• Based on achieved results in Stage 2-4, applying a high airflow rate causes poor 
removal efficiency of pollutants, specifically for ammonia and organic nitrogen. It is 
recommended to use a low flowrate to observe the feasibility of substituting oxygen 
with hydrogen peroxide at a medium scale of the EK reactor. 
 Phase 3 
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• Based on obtained results for the removal efficiency analysis, applying 5 cm  as the 
separation of electrodes would be an approperiate approach to follow in Phase 3 and 
Phase 4 of  the reasech. Applying 7.5 cm distance requires higher current density due 
to nonlinear changes in the resistitvity of the cell once the distance among alectrode is 
increased.  
• Based on the achieved removal efficiencies, it is preferable to use hydrogen peroxide 
with 50% purity. The reason for a higher removal efficiency of TKN, total nitrogen, 
and organic nitrogen is providing more hydroxyl radicals in the system. Also, 
shortening the exposure time to 60 hours is feasible due to present efficiencies. Based 
on Stage 3-3 results, an increase in hydrogen peroxide input volume will significantly 
enhance the removal efficiencies of ammonia, TKN, total nitrogen, and organic 




be a logical approach for Phase 4. 
 Phase 4 
• Applying 50% hydrogen peroxide results the best removal efficiency for the target 
pollutants in medium scale EF-SBR. Electro-Fenton sequential batch reactor (EF-SBR) 
achieved the desirable removal efficiencies in 4 days instead of 6 days (running two 
serial experiments with Phase 2 experimental design). It leads to reduction in exposure 
time for 48 hours. Also, the removal efficiency of TKN, total nitrogen, and specifically 
organic nitrogen are significantly boosted with EF-SBR comparing to previous (Phase 
2) process design (72 hours exposure time). 
• Large scale EF-SBR results proved that it is possible to decrease exposure time to 12 
hours once 50% hydrogen peroxide was used. Also, the applicability of molar ratio of 
ferrous to hydrogen peroxide ( 
Fe2+
H2 O2
 ) equal to 3.81/1 was validated and approved in 
large scale EF-SBR by giving the best efficiency in Phase 3. 
• The removal efficiency of EF-SBR was investigated in the worst experimental 
condition (applying 30% hydrogen peroxide) by increasing the number of SBR cycle. 
The outcomes help minimizing the cost of the chemicals.  
• Determining the worst experimental condition obtained in Stage 4-1 (e.g. using 30% 
hydrogen peroxide) helps to investigate the impact of increasing number of SBR cycles 
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in Stage 4-2. Although significant improvement has been observed in the first 24 hours 
of each individual SBR cycle, the desirable removal efficiency (Stage 4-1, using 50% 
hydrogen peroxide) was not achieved at the end of the newly introduced cycles (cycle 
3 and cycle 4 for medium scale; cycle 3 for large scale). 
• Increasing number of EF-SBR cycles at large scale contributed to enhance the removal 
efficiency of TKN. Therefore, it is feasible to take into account the positive impact of 
increased number of cycles on the upscaling EF-SBR multicomponent reactor 
considering the best experimental condition determined in Stage 4-1. 
• Although pH lower than 3 was declared as an unsuitable pH, based on the results of the 
large scale EF-SBR, the resultant removal was significant at the end of the first and 
second cycle, with pH around 1.1 and 1.4 respectively. It proves that utilizing EF-SBR 
decreases the demand of pH adjustment or ideally eliminates it. 
• The most notable drawbacks of Fenton and electro-Fenton process is relatively high 
amount of sludge production. Although the number of cycles increased, the sludge 
mass produced per liter slightly increased in both medium and large scale. It shows that 
EF-SBR would be a promising process to overcome one of the major drawbacks of the 
Fenton and electro-Fenton process, sludge generation.  
 
6-2. Contributions 
A novel electro-Fenton Sequential batch reactor was developed. To our knowledge, no sequential 
batch reactor has been implemented in electrokinetics yet. A novel system was validated for high 
nitrogen industrial wastewater containing 11000 mg/L, 14000 mg/L and, 3000 mg/L ammonia, 
TKN, and organic nitrogen, respectively. Above 99% removal efficiency resulted in medium scale 
EF-SBR for ammonia, TKN, and organic nitrogen, respectively. Above 99%, 96%, and 87% 





This system proved its sustainability with respect to two scopes: 
i) Use a homogenous catalyst present in the industrial wastewater instead of introducing 
Fenton agent as heterogeneous catalyst; 
ii) Decrease the exposure time for 48 hours and 24 hours for medium and large scale EF-
SBR, respectively. 
The experimental upscaling results helped to understand that the concentration variations within 
the system are nonlinear. Based on the additional work, regularization fractal analysis provided 
promising results and made the interpretation of nonlinear behavior feasible. 
6-3. Future work 
Based on regularization fractal analysis results, the future study can be determined as followed: 
• Use fractal dimensions to solve the Smoluchowski framework numerically for TKN and 
total nitrogen 
• Simulate the new sets of data based on obtained experimental values to increase a number 
of points for a higher precision  of  the regularization fractal dimension output. 
• Determine a pathway to assess time segments in which the time-dependent diffusion 
mechanism is predominant. 
• Conduct fine multifractal analysis to investigate the behavior of fractal dimension curves 
and evaluate the enhancement of previous results of regularization fractal analysis (e.g. 
organic nitrogen, nitrate, and sulfate). 
 
Based on experimental results of four phases of this study, the following future work are proposed: 




• Upscale the EF-SBR process for 40 L and subsequently for pilot scale to find out the 
efficiency of the system at an industrial scale. 
• Conduct coulometric methods to analyze the controlled-current electrolysis and find the 
current-voltage curves to assess current efficiency.   
• Analyze the gas emissions and determine the gas phase components resulted throughout 
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